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within the temperature range 254-29 7°K. O 3 was removed with quantum yields 
of 5.8 ± 0.5, 4.0 ± 0.3, 2.9 ± 0.3 and 1.9 ± 0.2 at 297, 283, 273, and. 252°K 
respectively, invariant to changes in the initial O 3 or CI 2 concentration, the 
extent of conversion or the absorbed intensity, 1^. The addition of nitrogen 
had no effect on -${03}. The CI 2 removal quantum yields were 0.11 ± 0.02 at 
297°K for GI 2 conversions of about 30%, much higher than expected from mass 
balance considerations based on the initial quantum yield of 0.089 ± 0.013 for 
OCIO formation at 297°K. The final chlorine-containing product was CI 2 O 7 . It 
was produced at least in part through the formation of OCIO as an intermediate 
which was also observed with an initial quantum yield of $^{0010} = 2.5 x 10^ 
exp{-(3025 ± 625) /T} independent of [O 3 ] or The addition of nitrogen and 
oxygen had no effect on the values of ®j^{.OClO} and -${Cl 2 }. 

The results showed that OCIO was formed by CIO radical combination as in 
reaction 23c. 

2C10 - 5 - ClOO + Cl 23a 

CI 2 + O 2 23b 

OCIO + Cl 23c 

The relative importance of the channels for reaction 23 at 296°K are the 
following: k23a/^23 ” 0.63; 1^23b/^23 “ 0.34; k23c/^23 “ 0.032. Also, ^2‘iz^ 

lc23b = 2.5 X 103 exp[-(3025 ± 625)/T]. 

The rate coefficient for the reaction of OCIO with O 3 was studied by a 
direct mixing method and by the photolysis method. _ / 

OCIO + O 3 Products 26 ^ 

The temperature dependence of k26 was studied in the temperature rante 264— 
2970 K. However, at temperatures below 2970K, the quilibrium reaction 29 com- 
licated the kinetics. 

CIO + OCIO + M CI 2 O 3 29,-29 

Thus the temperature dependence of k.26 obtained from the photolysis method 
could only be evaluated from the steady state values of OCIO, The recommended 
value for k26 i® 2.3 x 10“^2 ejcp[-(473Q ± 630) /T] cm3sec~i. 

The upper limit for the rate coefficient of the reaction between CIO 
and O 3 was found to be less than 1 x 10”^^ cm^sec"!. 

CIO + O 3 Products 25 

The low values of k .25 and k26 indicate that reaction 25 and 26 are probably not 
important in atmospheric chemistry. 

. In the second system, the reactions of ClOO with NO were studied by -the 
photolysis of CI 2 in the presence of NO and O 2 with or without added N 2 using 
steady state photolysis. ClOO is formed by the reversible reaction 
Cl + O 2 + M ClOO + M 31,-31 

The results indicate that ClOO reacts with NO via two channels: 

ClOO + NO -t NO 2 + CIO 20a 

CINO + O 2 20b 

The ratio k20b/^20a found to be 11.0 ± 2.2. The atmospherically important 
values k 20 a ^^31, -31 = ± 0 . 6 ) x 10“32 cm^sec"^ and k 20 b K; 3 i^_ 3 i = 

(1.6 ± 1.0) X i 6“31 cm°sec“l were evaluated at 298°K. From the results, it can 
be concluded that reactions 20a and 20b are probably not important in the 
stratosphere. 

In the third system, CI 2 was photolyzed at 366 nm and 219-273°K in the 
presence of NO 2 with added N 2 or O 2 . The reaction mixture was bled contin- 
uously to a stream of ozonized oxygen from which chemiluminescence was observed 
during photolysis or shortly thereafter. The dark decay of .the chemilumines- 
cence was first order with a decay constant of 46.1 exp [—(2000 ± 300} /T] sec 
During the irradiation the initial relative quantym yield of’ the chemilumines- 
cence, $pl{I-} was independent of the absorbed intensity, the total pressure, 
the CI 2 pressure, and the diluent gas (N 2 or 02 )* It increased with the NO 2 
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pressure at 273°K, but was independent of the NO 2 -pressure at 238 or 219°K, 

The observed chemiluminescence was due to the reaction between an inter- 
mediate N 2 O 4 CI and O 3 . 

N 2 O 4 CI + 0^ Products + hv (red) 43 
N 2 O 4 CI was formed by the following reactions: 

Cl + NO 2 + M CIONO + M 22a 

CINO 2 + M - 22 b 

CIONO 4 - NO 2 + M N 2 O 4 CI + M 40 

The formation of N 2 O 4 CI required that the major product of reaction 22 was 
CIONO rather than C 1 N 02 . The upper limit for the rate coefficient of reaction 
40 is 1 X 10~16 cm^sec"!. Therefore, reaction 40 is too slow to compete, with 
the atmospheric photolysis of CIONO. Thus, reaction 40 is not important in 
atmospheric chemistry. 
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ABSTRACT 


The following three systems were investigated; the Cl2“02 
system, the Cl2-Q2~^0 system and the Cl2~^02'~^ system. In the 
first system, the reaction between CIO and the reaction between 
OCIO and 0^, and the mechanism of the Cl2“02 system were studied. 

In the second system, the reaction between ClOO and NO was investi- 
gated. In the last system, the reaction between Cl and NO 2 was 
investigated as well as the kinetics of the chemiluminescence of 
the GI-NO 2 -O 2 reaction. 

In the first system, CI 2 was photolyzed at 366 nm in the presence 

of 0^ within the temperature range 254-297"K. 0^ was removed with 

quantum yields of 5.8 ± 0.5, 4.0 ± 0.3, 2.9 ± 0.3 and 1.9 ±,0.2 at 

297, 283, 273, and 252®K respectively, invariant to changes in the 

initial 0^ or CI 2 concentration, the extent of conversion or the 

absorbed intensity, I . The addition of nitrogen had no effect on 

The CI 2 removal quantum yields were 0.11 ± 0.02 at 297 “K for 

CI 2 conversions of about 30%, much higher than expected from mass 

balance considerations based on the initial quantum yield of 0.089 ± 

0.013 for OClO formation at 297°K. The final chlorine-containing 

product was Cl20^. It was produced at least in part through the 

formation of OCIO as an intermediate which was also observed with an 

initial quantum yield of l>^{0C10} = 2.5 x 10^ exp{-(3025 ± 625) /T} 

independent of [0~] or I . The addition of nitrogen and oxygen had no 
.j sl . 

effect on the values of $^{0C10} and -${Cl 2 }. 
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The results showed that OCIO was formed by CIO radical 
combination as in reaction 23c. 


^ ClOO + Cl 

23a 

- CI 2 4- O 2 

23b 

OCIO + Cl 

23 c 


The relative importance of the channels for reaction 23 at 296 “K are 

the following; ^23a^^23 “ 0*63; 5^23b^^23 “ ^23c^^^23 ~ 0*032. 

Also, k23c^^23b "" ^ exp[-(3025 + 625)/T]. 

The rate coefficient for the reaction of OClO with 0^ was studied 
by a direct mixing method and by the photolysis method. 

OCIO + 0^ ^ Products 26 

The temperature dependence of was studied in the temperature 
range 264-297°K. However, at temperatures below 297°K, the equilibrium' 
reaction 29 complicated the kinetics. 

CIO + OCIO + M It Cl^O^ 29 , -29 

Thus the temperature dependence of obtained from the photolysis 

method could only be evaluated from the steady state values of OCIO. 

—1 2 

The recommended value for k 2 g is 2.3 x 10 exp [-(4730 + 630) /T] 

3 -1 

cm sec 

The upper limit for the rate coefficient of the reaction between 

—18 3 —1 

CIO and 0^ was found to be less than 1 x 10 cm sec 
CIO + 0^ Products 


25 
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The low values of k 2 ^ and ^ 2 ^ indicate that reaction 25 and 26 are 
probably not important in atmospheric chemistry. 

In the second system, the reactions of ClOO with NO were 
studied by the photolysis of CI 2 in the presence of NO and O 2 with 
or without added N 2 using steady state photolysis. ClOO is formed 
by the reversible reaction 

Cl + O 2 + M ClOO + M 31, -31 

The results indicate that ClOO reacts with NO via two channels: 


ClOO + NO NO 2 + CIO 


20 a 


CINO + O 2 


20 b 


The ratio ^20b^^20a found to be 11.0+2.2. The atmospherically 

“3 2 6 “1 

important values ^293 ^31 31 ” + 0.6) x 10 cm sec and 

^20b %1 -31 ~ (1*6 + 1.0) X 10 cm^sec ^ were evaluated at 298®K. 

From the results, it can be concluded that reactions 20a and 20b 


are probably not Important in the stratosphere. 


In the third system, CI 2 was photolyzed at; 366 nm and 219-273°K 
in the presence of NO 2 with added N 2 or O 2 . The reaction mixture was 
bled continuously to a stream of ozonized oxygen from which chemilum-- 


inescence was observed during photolysis or shortly thereafter. The 


dark decay of the chemiluminescence was first order with a decay 
constant of 46.1 exp [-(2000 + 300) /T] sec During the irradiation 
the initial relative quantym yield of the chemiluminescence, 

was independent of the absorbed intensity, the total pressure, 
the CI 2 pressure, and the diluent gas (N 2 or O 2 ) • It increased with 
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the NO^ pressure at 273 °K, but was Independent of the NO2 pressure 
at 238 or 219 °K. 

The observed chemiluminescence was due to the reaction between 
an intermediate N20^C1 and 0^. 

N20^C1 + O3 Products + hv (red) 43 

N20^C1 was formed by the following reactions: 


Cl + NO2 + M -> CIONO + M 

22a 

CINO2 + M 

22b 

CIONO + NO2 + M ^ ^ 

40 


The formation of N20^C1 required that the major product of reaction 22 

was CIONO rather than CINO2. The upper limit for the rate coefficient 

“X6 3 ”'X 

of reaction 40 is 1 x 10 cm'^sec . Therefore j reaction 40' is too 
slow to compete with the atmospheric photolysis of CIONO. Thus, 
reaction 40 is not important in atmospheric chemistry. 
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Chapter 1 
INTRODUCTION 


A. The Role of Stratospheric Ozone 

One of the most important goals in the study of upper atmospheric 
chemistry is to be able to determine the effect of pollutants on 
the ozone content. Ozone is one of the' most important constituents 
of the earth’s atmosphere because it absorbs solar radiation between 
220 and 320 nm (T) . It therefore provides a shield against the 
harmful ultraviolet radiation for man (2) and at the same time is an 
energy source for the stratosphere and mesosphere. The depletion 
of the stratospheric ozone concentration may have both biological 
(2,3) and climatological effects (4). Because of the thinner ozone 
shield, more harmful ultraviolet radiation may reach the ground. This 
could lead to an increase in the incidence of skin cancer. There are 
quite a few catalytic cycles capable of influencing the stratospheric 
ozone concentration. In this thesis, only chlorine, oxides of 
chlorine, and oxides of nitrogen will be considered. The reactions 
recently studied in this laboratory and their atmospheric implications 
will also be discussed. 

B. The Role of CIO^^ in the Atmosphere 

Gas-phase chlorine forms a number of different species in the 
atmosphere. The most common ones are HCl, Cl, CIO, OCIO, ClOO, and 
C1.J. The sum' of all of these species will be defined as CIO . The 
sources of CIO^ are from both natural and anthropogenic origins. At 
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the ground level, the natural sources of HCl and CI 2 are volcanic 
explosion (5,6) and sea salt spray (7,8). The anthropogenic sources 
are halogenated hydrocarbons used as solvents, herbicide sprays, 
aerosol propellants, and refrigerants. It is known that chlorine 
can cause plant damage. The chlorinated compounds are known to 
attack the liver (1) and some of them are also carcinogenic. 

Recently Rowland and Molina (9-12) have pointed out the 
possibility that the commonly used chlorofluoromethanes might 
adversely affect the stratospheric ozone concentration. Two of the 
most important compounds are CFCl^ and CF 2 CI 2 , used primarily as 
aerosol propellants and refrigerants. Because of chemical inertness, 
their lifetimes in the troposphere (0-15 km) may be as long as 
40-150 years (9) . They seem to have no sinks in the troposphere. 

Their lifetimes are controlled by diffusion into the stratosphere 
(15-50 km) where they can be photodissociated by ultraviolet light 
(9) . The photodissociation of chlorofluoromethanes releases chlorine 
atoms which can catalytically destroy stratospheric ozone. Wofsy 
et al. (13) predicted that the concentration of ozone could be reduced 
by an amount as large as 3% by 1980. This estimation was based on 
the 10% increasing rate of CFCl^ and CF 2 CI 2 consumption per year. 

It is worthwhile to note that the production, of both CFCl^ and 
CF 2 CI 2 were ceased at the beginning of this year (1979). According 
to Cicerone et al. (14), the effect of CIO on stratospheric ozone 
would still remain significant for several decades. 
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C. The .Role of NO^ la the Atmosphere 

The common NO^ constituents are NO, NO 2 , NO^, ^ 2 ©^ and hydro- 
genated' compounds such as HNO^ and HN02- Of these oxides, only NO 
and NO 2 are important man-made pollutants (1). In the troposphere, 
the natural source of NO is mainly biological activity in the 
earth's surface. The major man-made NO^ sources are from motor 
vehicles and fuel combustion (1) . It is known that oxides of 
nitrogen have harmful effects on materials, vegetation, and animal 
and human lives. 

Nitrogen, oxides are also one of the potential ozone destroyers 
through their catalytic cycle reactions with ozone and atomic 
oxygen.- The important sources for stratospheric NO are the oxidation 
reaction between N 2 O and 0(D) (15-19), and the ionization and 
dissociation of N 2 following absorption of cosmic rays (20-22) . 

Crutzen (23) and Johnston (24) have done extensive work on the NO^ 
cycle. The ozone destruction efficiency of the NO catalytic cycle' ' 
is known to be less than that of the CIO cycle. However, it is 
difficult to accurately predict the effect of the catalytic cycles 
in stratospheric ozone chemistry. This is because of the uncertainties 
in the actual concentration of the species involved, the possible 
heterogeneous reactions, and finally the possible interconnecting 
of the catalytic cycles. 
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D. Reactions of NO., and CIO., in the Stratosphere 

. . . . X 


The reactions in the stratosphere are mainly the reactions 
between the minor constituents and ozone. Ozone concentration 
reaches a mavimiiTn at the altitudes of 20-25 km. General reviews 
on the stratospheric ozone reactions were made by Crutzen (25) 
and Nicolet (26) . Only the reactions of ozone with the NO and 
CIO cycles will be discussed here. Chapman (27) proposed that 
'ozone is produced in the upper atmosphere by the reactions: 


O 2 + hv (<240 nm) 20( P) 


0( P) + 0^ + M 0^ + M 


1 

2 


Ozone is destroyed by 


0^ + hv (<310 nm) ^ O 2 + 0 


0 + 0^ 2O2 


3 

4 


The electronic states of the products in 0^ photodissociation depend 
on the absorbed wavelength of the solar radiation. The more 
important ozone destroying reactions are those catalytic cycles 
involving NO (23,24) and CIO (9-12). 

The NO^ cycle involves NO and NO 2 as catalysts for the 
combination of ozone and atomic oxygen through the following pair of 
reactions : 


NO + 0^ NO 2 + O 2 


NO 


2 + 0( P) NO + O 2 


6 
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O 3 + 0 (^P) ->■ 20 ^ net reaction 

The rate coefficient for. reaction 5 is (2,34 + 0.23) .x 10 
exp [-(1450 + 50) /T] cm^sec ^ (28-32). At 298°K, the rate coef- 
ficient for reaction 6 is (9.1 + 0.2) x 10 cm^sec ^ (33-35). The 
major sink for NO in the stratosphere appears to be the formation 

A 

of HNO 3 via the following reaction: 

NO 2 + OH + M HNO 3 + M 

HNO 3 may photodissociate to give OH and NO 2 as major products. HNO 3 
can be removed from the stratosphere by its downward transport into 
the troposphere where it will be rapidly removed by rain. 

The- problem with chlorine species begins after the chlorine 
containing compounds diffuse upward through the troposphere into the 
stratosphere. Chlorine atoms are released by the photodissociation 
of these chlorine containing compounds upon absorbing the ultraviolet 
radiation. The photodissociation occurs mainly at 175-220 nm. The 
solar radiation between 180 and 240 nm is weakly absorbed by O 2 and 
O 3 ( 1 ), and therefore it can penetrate all the way down to 20 km. 

The dominant photochemical processes are 

CFCI 3 + hv (<226 nm) ^ CFCI 2 + Cl 8 

CF 2 CI 2 + hv (<215 nm) CF 2 CI + Cl 9 

The quantum yields of both reactions 8 and 9 are unity as reported -by 
Marsh and Heicklen (36), Jayanty et al. (37), and Milstein and 
Rowland (38) . 
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When a chlorine atom is generated it reacts immediately with 
stratospheric ozone as in the following sets of reactions 
(9,29,39,40). 

Cl .+ 0^ CIO + O 2 10 

C10.+ 0(^P) Cl + 0^ 11 

3 

•O^ + 0( P) 20 2 net reactxon 

The rate coefficients for reactions 10 and 11 at 298°K are 1-2 x 10 
cm^sec ^ (41) and 5.3 x 10 cm^sec ^ (42) respectively. The result 
of reaction 10 is the production of chlorine monoxide, CIO, which 
in turn reacts readily with oxygen atoms in reaction 11 to regenerate 
the chain carrier. The net result of this cycle is that Cl and CIO 
catalyze the combination of ozone and atomic oxygen. 

The chain is interrupted by reactions which convert Cl to HCl 
(9-12). For example; 


Cl + CH, HCl + CH, 

4 3 

12 

Cl + H^ ->• HCl + H 

13 

Cl + HO 2 -5- HCl + O 2 

14 

Cl + H 2 O 2 HCl + HO 2 

15 


Chlorine atoms are removed from the chain reaction until HCl reacts 
with OH or 0(^D) atoms to release Cl once again. The chain is 
terminated when the long-lived species such as HCl reach the 
troposphere by downward diffusion. They are presumably removed from 
the atmosphere by rain in a relatively short time. 
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There are several other reactions affecting chlorine species 
such as the presence of NO and NO^ below 35 km (39) . At this 
altitude NO and NO^ compete effectively with oxygen atoms for CIO 
as in reaction 16 and 17 below. 


CIO + NO Cl + NO 2 

16 

CIO + NO 2 + M ^ CIONO 2 + M 

17 


The rate coefficients of reactions 16 and 17 at 29,8 °K are 
respectively 1.8 x lO cm^sec ^ (43,44) and 1.5 x 10 cm^sec 
for M = N 2 (45,46). 

To estimate the importance of reaction 16, the three catalytic’ 
cycles which are the pure CIO^ cycle, the pure NO^ cycle, and the 
mixed CIO -NO cycle, must be- considered. The pure CIO cycle 

X X X 

consists of reactions 10 and 11, and the pure NO^ cycle consists 
of reactions 5 and 6 as mentioned previously. The mixed CIO -NO 

X X 

cycle actually consists of two cycles, cycle A where there is no net 

3 

•change in the odd oxygen [O^, 0( P)], and cycle B where two odd 
oxygen are destroyed. Cycles A and B consist of the following set ' 
reactions: 

Cycle A; 


Cl + 0^ ^ CIO + O 2 

10 

CIO + NO Cl + NO 2 

16 

NO 2 + hV -5- NO + 0 

18 

0^ + hV ^ 0 + O 2 

net reaction 
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Cycle Bt 


Cl + 0^ ^ CIO + O 2 

10 

CIO + NO Cl + NO 2 

16 

NO 2 + 0(^P) NO + O 2 

6 


0^ + 0( P) -5- 20^ 


net reaction 


The significance of reaction 16 is that it converts NO to NO 2 . 

Reaction 16 also connects the CIO cycle to the NO cycle. 

Above 35 km, the rate of reaction 11 is expected to be higher 
than the rate of reaction 16. Hence the pure CIO^ cycle is expected 
to be more effective than the mixed CIO *-N0 cycle. At lower altitudes 
(<35 km) , the rate of reaction 16 is faster than that of reaction 11 
due to the low concentration of oxygen atoms. Hence the contribution 
to ozone loss by the pure CIO^ cycle decreases because of the existence 
of the mixed CIO -NO cycle. 

Reaction 17 is a termination reaction for both the CIO and NO 
cycles. Birks et al. (46) and Rowland et al. (47) found that CIONO 2 
is quite stable in the gas phase and is unreactive towards NO, NO 2 
or HCl. The reaction of CIONO 2 with 0^ is an order of magnitude 
slower than the photolysis rate of CIONO 2 (46). The average 
photolysis time for CIONO 2 is about 4.5 hours (47). The products of 
the photolysis are not known. However, the products are assumed to 
be CIO and NO 2 for modeling calculations. The presence of CIONO 2 
in the stratosphere reduces the concentration of CIO and at the same 
time ties up NO 2 into an inactive form until it photodissociates. 
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Since CIONO 2 is only significant in the lower stratosphere (15-35 km) , 
it is expected to affect the NO^ cycle more than the CIO^ cycle. 

This is because the former cycle occurs mainly in the lower strato- 
sphere, whereas the latter cycle occurs mainly in the upper strato- 
sphere. 

Another species which became of interest recently is chlorine 
nitrite, CIONO. Jesson et al. (48) suggested that CIONO might be 
important in the atmosphere. CIONO may be formed in the stratosphere 
by the following reaction: 

CIO + NO + M CIONO + M 19 

The third order rate of reaction 19 is quite slow because of the low 
total pressure, M, in the stratosphere. Therefore, there is not 
likely to be any significant amount of CIONO produced in the strato- 
sphere. Molina and Molina (49) recently obtained the absorption 
cross section of CIONO. They concluded that CIONO would be readily 
photodissociated and would not be important in the atmosphere. 

The chemistry of CIO strongly depends on the concentrations 
of other species such as NO and HO . It is clear that in order to 
accurately predict the effectiveness of the CIO and NO catalytic 
cycles on the stratospheric ozone, more quantitative determinations 
of stratospheric trace gases are needed. There is also a critical ■ 
need for the rate coefficients of the reactions interconnecting the 
catalytic cycles as well as the understanding of the reactions of 
higher chlorine oxides. 
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E. This Work 

The three systems studied here were: 

1. Cl^-O^ system 

2. CI 2 -O 2 -NO system 

3. CI 2 -NO 2 -M system, where M is N 2 or O 2 . 

The main purposes for studying the first system were to investigate 
the mechanism of this system, to estimate the rate coefficients of 
the reaction between CIO and 0^ as well as the reaction between OCIO 
and 0^. In the second system, the purpose was to obtain the rate 
coefficient of the reaction between ClOO and NO and also estimate its 
possible importance in the atmosphere. The purpose for investigating 
the third system was to study the chemiluminescent reaction of Cl 
atoms with NO 2 and 0^ and the mechanism of the reaction of Cl atoms 
with NO 2 . The details of previous works done in each reaction will 
be discussed individually in the following sections. 

E . 1 . The CI 2 -O 2 System 

An understanding of the CI 2 photocatalytic decomposition of 
ozone is of relevance to the understanding of the atmospheric ClO^ 
cycle. This system was extensively investigated 30 to 40 years ago 
(50-59). However, the details of the mechanism remain obscure. 
Davidson and Williams (60) have recently, studied the CI 2 -O 2 system 
by measuring the stable products. The only product observed was 
Cl20^. However, it seems that a satisfactory explanation for the 
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formation of Cl^O^ has not been reached. It is apparent that more 
work should be done, to clarify the mechanism of this system. 

E.2. The Reactions of CIO with 0^ 

Even if the reaction of CIO with 0^ is relatively slow, it is of 
potential importance in determining the effect of the GIO^ on 
stratospheric ozone. Very little Information is available concerning 
this reaction. There were two independent studies by Clyne et al. 

(61) and Birks et al. (46), both using a discharge flow system with 

mass spectrometric detection of CIO. Clyne et al. have obtained an 

—15 3‘ —1 

upper limit for the rate coefficient of 5 x 10 cm sec and 

-14 3 -1 

Birks et al. have found the value of 5 x 10 cm sec . Lin et al. 

(62) , using a steady state photolysis study of the 012 - 0 ^ system, 

—18 3 “1 

reported the upper limit to be 1 x 10 cm sec . This work intends 
to resolve this discrepancy. 

E.3. The Reaction of OCIO with 0^ 

The kinetics of the reaction of OCIO with 0^ had' never • 
been studied directly before our work was initiated. It is unlikely 
that this reaction would be of much importance in the atmosphere. 

This is because OCIO would probably be readily pliotodissociated. 
Nevertheless it seemed appropriate to obtain the rate coefficient 
of this reaction. The rate of the reaction between OCIO and 0^ can 
then be compared with the photodissociation rate of OCIO. 



E.4. The Reactions of ClOO with NO 


The assumption that reactions of ClOO radicals with other 
atmospheric constituents are unimportant is probably correct for 
most of the middle and upper stratosphere. The reasons for the 
low densities of ClOO radicals at that altitude are the relatively 
high temperature and low 0^ densities. However, in the lower 
stratosphere at altitudes between 15 and 20 km', significant 
concentrations of ClOO may be present. The ClOO radicals may 
participate in the reactions with other atmospheric constituents 
if the rate coefficieints are large enough. 

ClOO radicals may react with nitric oxide, NO. This is possible 
because the concentration of NO is quite significant. The reaction 
between ClOO and NO has not been considered or studied previously. 


ClOO + NO -5^ CIO + NO^ 

20a 

CINO + O 2 

20b 


We estimate that this reaction could compete with reaction 10 if 

-11 3 -1 

the rate coefficient, k 2 Q, is 1 x 10 cm sec 

Cl + 0^ -V CIO + 0^ 10 

— 12 ' 

Also reaction 20 can compete with reaction 21 if k 2 Q is 1 x 10 
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. Thus a measurement of the rate coefficient for reaction 20 seems 
important . 

E. 5 . The Mechanism of Cl-NO^-M Reactions and the Kinetic 

Study of the Chemiluminescence in the Cl-MO^-0^ System 

Chlorine atoms are known to add readily to NO^- It was 
commonly assumed that the only product of the reaction is nitryl 
chloride, CINO 2 (63,64). However there is another possible channel 
for this reaction, that is, the production of. chlorine nitrite, 
CIONO. 

Cl + NO^ + M CINO 2 + M 
-V CIONO + M 

ClONO is known to be a rather unstable compound. It rapidly 
undergoes isomerization to form the more stable CINO 2 via hetero- 
geneous processes (49). Niki et al. (65), using a Fourier transform 
spectrometric method, recently observed that both CINO 2 and CIONO 
were the products in the photolysis of CI 2 -NO 2 mixtures. The 
observed yield of CIONO was .5:80%. They suggested that Cl adds to 
the 0 atom rather than the N atom of the-N02 molecule. 

Jesson et al. (48) suggested that CIONO might be important in 
the chemistry of stratospheric chlorine. Molina and Molina (49) 
recently obtained its ultraviolet absorption cross section. They 
concluded that its lifetime against photodissociation in the 
atmosphere is two to three minutes. Thus it is unlikely that CIONO 


22a 

22b 
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would play any significant role in the stratosphere. It is never- 
theless important that the mechanism of the C1-N02 reaction be 
reinvestigated . 

A strong emission in the red was observed when the photolyzed 
mixtures of Cl2-N02“M were mixed with a stream of ozonized oxygen.-- 
Presumably an unstable intermediate, which was formed from the 
reaction of Cl with NO2, reacts with 0 ^ in the chemiluminescent 
reaction. It was of interest to investigate this chemilxMinescent 
reaction in the Cl-N02~02 ®y®bem. 
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Chapter 2 

THE CI 2 -O 2 SYSTEM: THE REACTIONS OF CIO AND OCIO WITH 0^ ■ 

A. Exp er iment'al 

A.l. Materials and Their Purification 

All gases except OCIO, azomethane, and 0^ were supplied, by 
Matheson Gas Products. The CI 2 (Matheson high purity research 
grade,, 99.96% purity) was first degassed at -196 ®C and then 
purified by. distillation from -130'’C to -160°C. • At -196“C, the 
color of the purified solid was yellow with no trace of white 
color. Several experiments were run in which prior to distillation, 
CI 2 was slowly passed through a glass column packed with KOH 
pellets. This was. to insure that the GI 2 was free from any HCl 
impurities. The KOH treatment was stopped after it was found that 
the experimental results were not influenced by this procedure. 

The purified CI 2 was stored in the dark at room temperature. ‘ 

Chlorine dioxide, OCIO, was prepared from a procedure by King 
and Partington (66) with some slight modifications. Purified CI 2 
was slowly passed over a U-shape Pyrex tube, packed with glass 
beads and dry AgClO^ (K and K Laboratories) . The D-tube was submerged 
at a bath kept at 80 + 10“C. The product was condensed in. another 
U-tube at -196“C and the noncondensable product (O 2 ) was discarded. 
OCIO was separated from the excess CI 2 by distillation from -130°C 
to -160®C and then further purified by distillation from -60“C to 
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-196®C. OCIO is a red-orange liquid at -23®C and a canary yellow 
solid at -196°C. OCIO was stored In the dark at liquid 
temperature. 

.Ozone was prepared from oxygen by the following method. A 
Tesla coil was used to subject low pressure oxygen. (^12 Torr) to 
an electrical discharge. The ozone produced was collected in a 
U— tube trap maintained at — 196“C. The noncondensable gas was 
discarded. The ozone was purified by distillation from -186°C 
to -196® C. It was stored in the dark at liquid temperature. 

Azomethane, CH 2 N 2 CH 2 , was prepared from a procedure described 

by Renaud and Leitch (67) with some modifications. Ten .grams of 

sym-dlmethylhydrazine dihydrochloride (Aldrich Chemical Company) 

3 

were dissolved in 30 cm of water made basic with 2 g NaOH. The 

3 

mixture was then added dropwlse while stirring to 100 cm of water 
containing 30 g of HgO (yellow form) . N 2 gas was bubbled through 
this mixture while the reaction was carried out. Water was removed 
from the evolved gases by passing them through a CaCl 2 trap. The 
azomethane was collected in a liquid N 2 trap and was purified by 
distillation from -90 ®C to -130° C. It was stored in the dark at 
room temperature. 

For the distillations, only the middle fraction of the gases 
was collected. The first and last fractions, were discarded. . The 
chlorine dioxide, ozone and azomethane were degassed at -196®C 
immediately before use. 

The O 2 and N 2 were Matheson C.P. grade and were used without 
further purification. It was observed by Jayanty (68) that the 
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experimental results were not influenced by whether the O 2 (^500 
Torr) was passed through a liquid N 2 trap to remove any condensable 
gases. This was also the case for high pressure N 2 (^500 Torr) 
under our experimental conditions. 

A. 2. The Vacuum Line 

All experiments were carried out in a conventional mercury-free 
high vacuum line utilizing Teflon stopcocks fitted with Viton "O" 
rings. A pressure of less than 1 mTorr was achieved by ptimping 
continuously through a Welch Duo Seal Model 1402 mechanic pump in 
conjunction with an oil diffusion pump. Pressure was measured by a 
Veeco thermocouple gauge Model TG-7 with a vacuum- gauge tube Model 
DV-lM and an alphatron vacuum gauge (NRG 820) . Pressures below 
30 Torr were measured' by a silicone oil manometer (704 Dow Coming 
Oil). Pressures less than 0.8 Torr were obtained by expansion. 

High pressures (>30 Torr) were measured by an alphatron vacuum gauge 
calibrated with an oil manometer. A diagram of the vacuum line is 
given in Figure 1. 

A. 3. Reaction Vessels and Radiation Source 

The reaction vessel was a cylindrical quartz cell 10 cm long 
and 5 cm in diameter. This cell was enclosed in a Styrofoam box 
which served as an insulator for low- temperature experiments. The 
Styrofoam box and the detection system were enclosed in a dark metal 
box. This box was used to prevent room light from Interfering with 
the measurements. The Styrofoam box contained three evacuated double 


Figure 1 


Vacuum Line for the CI2-O2 System 
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wall quartz windows. The window perpendicular to and centered 
along the reaction vessel allowed passage of the photolysis beam. 

The other two windows centered on the ends of the reaction cell 
served as access for the analysis beam and detection system. An 
evacuated double wall quartz window was actually a cylindrical 
Pyrex cell 5 cm long and 5 cm in diameter with a quartz window 
on each end of the cylindrical Pyrex cell. This cell was evacuated 
before being used to prevent condensation at low temperature. 

A diagram of this arrangement is given in Figure 2. 

The temperature inside the Styrofoam box was lowered by passing 
nitrogen gas through a copper coil immersed in liquid nitrogen and 
flushing this cold gas through the box. The temperature was measured 
with two iron - constantan thermocouples attached to the reaction 
vessel. The positions of the thermocouples were carefully chosen 
to avoid being directly cooled by the blowing of the cold nitrogen 
gas or directly heated by the photolysis beam. . The thermocouple 
potential was measured with a precision potentiometer made by the 
Rubicon Company of Philadelphia, Pennsylvania. The temperature was . 
manually controlled by changing the flow rate of the nitrogen. 

The photolysis source was a high pressure' Hanovia ,Hg arc lamp, 
200 watts (Type 202—1003). The 366 nm line was obtained by passing 
the beam through a Coming filter (CS 7-37) prior to entering the 
reaction cell. A diagram of the reaction cell and the radiation 
system is shown in Figure 2, 



Figure 2. Reaction Cell and Radiation Source for the Cl^-0^ System ^ 
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A. 4. Product Analysis System 

The absorption of the reaction mixture was monitored at 400 nm 
as a fimction of irradiation time using the dual beam spectro- 
photometer. The 400 nm line was obtained by passing the radiation 
from a 300-watt tungsten lamp through a Corning filter (CS 7-59) . 
Before entering the reaction cell the analysis beam was modulated 
using a PAR model 125 chopper. The chopper consisted of a chopping 
wheel with 16 slots and 16 mirrors. This provided a modulating 
frequency of 667 Hz. When the analysis beam impinged upon a slot, 
the beam was allowed to pass through the reaction vessel and was 
focused on a RCA 935 phototube. When the beam impinged upon a 
mirror, it was reflected and focused on to the second RCA 935 
phototube without passing through the reaction vessel. Hence the 
outputs from the two phototubes were 90° out of phase. The outputs 
were then electronically added and introduced to a lock-in .amplifier 
(PAR- model 121). . 

Before photolysis,, the positions of the two phototubes were 
adjusted so that both tubes received equal amounts of light from 
the analysis lamp. The signal from the phototubes, before entering 
the lock-in amplifier could be finely tuned by- using a phase/amplitude 
adjustor. The circuit for the phase/amplitude adjustor is shown in 
Appendix I. The square wave, 667 Hz, from the chopper served as -a 
reference signal to the lock-in amplifier. Any input signals other 
than 667 Hz were eliminated by the lock-in amplifier. The change 
in absorption caused by either the Intermediate species or the 
products initiated by the photolysis unbalances the outputs of the 
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two phototubes. The unbalanced signal would be registered by the 
lock-in amplifier and recorded as a function of time by a strip 
chart recorder. The- arrangement of the analysis system is shown 
in Figure 3. A schematic diagram for the circuit of the analysis 
system is given in Figure 4. 

A. 5 . Procedure 

Using the dual beam spectrometer the reaction mixture absorption 
was monitored at 400 nm as a function of irradiation time. Initially 
the absorption increased linearly, then leveled off and finally 
reached a steady state (corresponding to several mTorr of OCIO) . ■ The 
steady state value slowly increased with continued irradiation until 
near the end of the reaction, i.e., when nearly all the 0^ was 
consumed, the absorption then increased to a sharp maximum and 
finally declined to zero upon continued irradiation. The change in 
the absorption profile of OCIO with the irradiation time is shown 
in Figure 5. The absorption spectrum of the photolysis mixture at 
this maximum absorption was studied by Jayanty (68). The mixture was 
condensed in a liquid N 2 trap and the residual CI 2 was removed from 
the mixture by distillation at -130° C. The greenish-yellow product 
ren^ining after distillation was identified to be OCIO by its 
absorption spectrum. . 

The initial rates of OCIO formation and its steady state 
concentration were determined from the initial increase in absorption 
and the initial steady state value, respectively. In order to obtain 
absolute OCIO concentrations, the effective absorption cross section 



Figure 3. Schematic Diagram of the Dual Beam Spectrophotometer 



I 



A LIGHT SOURCE 
B QUARTZ LENS 
C CORNING GLASS FILTER 
D SLITS 

E ANALYSIS BEAM 
F LIGHT CHOPPER 


G EVACULATED DOUBLE WALL QUARTZ WINDOWS 
H STYROFOAM BOX 
I QUARTZ REACTION CELL 
J RCA 935 PHOTOTUBES 
K PHOTOLYSIS BEAM 
L DARK METAL BOX 


M 

ON 








Figure 4. Detector Circuit of the Dual Beam Spectrophotometer 







Figure 5. • OCIO Absorption Profile as a Function of Irradiation Time 
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was determined under identical conditions for the lamp-filter ' 
combination* described in Section A. 4. A known amount of OCIO was 
introduced into the reaction cell and the percentage of the 
analysis light transmitted through the reaction cell was obtained- 
The absorption cross section of the OCIO was calculated from 
Beer’s law- The results of these measurements are listed in Table 1. 

The rate of the reaction of OCIO with 0^ was determined by 
two methods. In the first method mixtures of CI 2 and 0^ were 
photolysed until some OCIO (Usually the steady state value) was • 
produced. The light was then turned off and the OCIO decay 
monitored as a function of time. This method could be used only 
at room temperature, because at lower temperatures CI 2 O 2 complicated 
the kinetics . 

In the second method, OCIO and excess 0„ were mixed directly 
in the quartz cell. The OCIO decay was monitored as a function of 
reaction time. With this direct technique, experiments were possible 
at low temperatures because Cl20^ formation could not occur. In 
order to obtain the "minimum" rate of the reaction at lower 
temperatures, it was necessary to warm the cell to room temperature 
and ptimp on It for some time. Additionally, it was necessary to 
periodically clean it with a HNO^ solution. If this procedure was 
not followed, the rate of the reaction for subsequent runs was 
always higher. 

Chlorine removal rates were determined in the photolysis 
experiments by measuring the chlorine concentration at 366 nm with 
the dual beam spectrophotometer. To provide the 366 nm analysis 
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Table 1 

The Extinction Coefficient of OCIO at 400 nm and 297°K 


[OCIO] , 
Torr 

% Transmittance 

10 „0 
cm 

1.21 

65.5 

1.17 

1.32 • 

63.6 

1.14 

1.33 

63.3 

1.15 

1.36 

62.5 

1.15 


1.56 


58.9 


1.16 
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beam, a low-pressure Hg lamp (Phillips 93109 E) was used with a 
Corning filter (CS 7-37) . This lamp was used because of its stable 
beam and also because CI 2 has a maximum absorption cross section at 
366 nm. In order to observe a 30% change in the CI 2 pressure, 
approximately one hour of irradiation was required. Because -of 
instrument baseline drift over the long irradiation times, the change 
in CI 2 concentration was determined by observing the change in the 
signal level during the short pump out time of the cell. It was . 
possible that some OCIO which was the intermediate of the 012-0^ 
photolysis system, might interfere. To prevent this, 0^ was present 
in excess for each run. Thus any OCIO present was readily converted 
to higher chlorine oxides. To check this, several experiments were 
run in which excess 0^ was added after the end of the experiment. 

The mixture was allowed to stand for some time to allow complete 
reaction of any OCIO which might be present. These experiments 
indicated that no interference from OCIO was detected. 

The ozone removal rates were determined by photolyzing. the 
CI 2 -O 2 mixtures at 366 lun. The change in the 0^ concentration with . 
irradiation time was followed by 260 nm. . The 260 nm analysis light 
was obtained by passing the radiation from a Phillips Hg resonance 
lamp (93109 E) through a CI 2 gas filter cell and a Corning filter 
(CS 7-54). 

The O 2 production rates were measured by photolyzing of 0^ 

3 

and CI 2 in a 200 cm quartz cell. ' The O 2 .produced was measured by 
condensing the reaction mixture in a trap at -196 °C and measuring 
the pressure of the non-condensable O 2 with an oil manometer., , 
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The 0^ was then removed by pumping on the reaction- mixture at -1-96 °C. 
The reaction mixture was warmed to -189°C, and the residual 0^ was 
then measured with an oil manometer. Calibration for expansion was 
done with comparable known pressures of 0^. 

The possibility that other chlorine oxides might interfere with . 
the absorption measurements in our system were considered as follows: 
Cl 20 y is completely transparent at wavelengths higher than 320 nm ■ 
as reported by Goodeve et al. (69) and Lin (70). CIO^, as reported 
by Goodeve et al. (71 ) i absorbed in the ultraviolet and had a 
threshold at about 350 nm. Calculations using the maximum expected 
CIO^ concentration, and the known absorption cross section showed 
that CIO^ would not contribute significantly to the absorption in 
the region 350 nm to 420 nm. As reported by Rigaud et al. (72), 
the absorption cross section for CIO is very low at wavelengths 
higher than 300 nm. Its absorption cross section is about two orders 
of magnitude smaller than those of OCIO at 400 nm. Therefore, CIO 
would not contribute significantly to the absorption measurements 
in the system. Thus, it appears that other chlorine> oxides would not 
interfere with the OCIO measurements. 

A. 6. Actinoroetry 

The absorbed light intensity was determined for each temperature 
by photolysis of an optically equivalent amount of azomethane. N 2 has 
been shown to be a primary product of the photolysis at 366 nm. The 
quantum yield of this reaction is unity and is independent of 
pressure, temperature, light intensity, or photolysis time (73-75).' 
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The amount of N 2 produced was measured by a thermistor gas chroma- 
tograph. The column was a 10 ft. long, 1/4 inch O.D. copper tube 
packed with 80/100 mesh 5A molecular sieves. The column was kept at 
room temperature. Helium was used as a carrier gas. Prior to 
entering the column, the carrier gas was passed through Drierite and 
Ascarite to remove water and' C02-. The flow rate was 1.0 cm /sec. 

A Gowmac model 10-777 stainless steel block thermistor detector was 
used. -The detector was kept at 0“C and operated at 15 milliamps. 

The gas chromatograph was calibrated using standard N 2 samples. The 
retention time for N 2 was approximately nine minutes. A schematic 
diagram of the gas chromatograph is shown in Figure 6- 

B. Results 

B.l. OGIO Formation Quantum Yield 

The photolysis of Cl^-O^ mixtures at 366 nm led to the removal 
of 0^ and CI 2 V As found by Jayanty et al. (76),. O 2 and 
the final products of the photolysis and OCIO is produced- as an 
intermediate.- Typical OCIO growth profiles during irradiation and 
the decay profiles when the irradiation light is turned off 'are 
shown in Figure 7. Initially, the OCIO concentration grows 
linearly and then levels off to a steady state value. When the 
light is turned off and 0^ is still present in excess, the OCIO 
decays exponentially. As seen in Figure 7, at 295 °K the OCIO decays 
immediately in the dark. However, at lower temperatures there is a 
clear induction p'eriod before the OCIO decays. 



DRY1N6TUBE COLUMN 



Figure 6. Diagram of the Gowmac Thermistor Gas Chromatograph 




Figure 7. OCIO profiles in the Photolysis of CI2-O3 Mixtures. 

The points are experimental values and the solid 
curves are computer simulations using the following 
rate coefficients for calculation: 


T,’“K , ■' 

(cm sec ) 

1 /■ 3 —1.. 

z3b ^ 

1 ^3-1. 

^23c ^ 

(cm^sec 

k2g (cm sec ) 
1^25 [M] (cm^sec 
(sec 


275.5 


1.06 X 10 


-11 


2.09 X 10 


-14 


1.19 X 10 


-15 


4.4 X 10 

8.0 X 10 

1.0 X 10 


-14 


-20 

-15 


0.25 


295 


1.13 X 10 


-11 


1.42 X 10 


-14 


1.40 X 10 


-15 


4.4 X 10 


-14 


2.65 X 10 


-19 


U3 

U1 
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The quantum yield for OClO formation was obtained from the 
initial OClO growth rate as determined from the initial slope of 
the absorption profiles. The results at 297 + 3 “K are given in - 
Table -2. The reactant pressures were varied as follows: 0^ was 

varied from 3.4 to 12.5 Torr and CI2 was varied from 7.8 to- 13. '5 Torr 
The absorbed light intensity, I , was changed by varying the chlorine 
pressure. Pressure and temperature effects were also studied,, and 
the results are presented in Tables 3 arid 4. . It is apparent from 
Tables 2, and 3 that the OClO formation quantum yield, $^{0C10}, is 
inyariarit to I^, 0^ and the presence or the absence of 02 and N2-. 

From Table 4, it is clear that $^{0C10} decreases with decreasing 
temperature. The results are also presented in Figures 8 and 9. 

An Arrhenius plot of $^{0C10} obtained from the initial rates 
is presented in Figure 10. The plot is reasonably linear and leads 
to the following Arrhenius expression; $^{0C10} = 2,5 x 10 
exp [-(3025 + 625) /Tj. At 297 "K and 275°K the addition of up to 
600 Torr N2 or O2 reduced f^{0C10} slightly. The average value of 
$^{0C10} as a function of temperature is given in Table 5.. 

B.2. Chlorine Removal Quantum Yield 

The chlorine removal quantiam yield, -${Cl2), was measured at 
297®K under the following conditions: [0^] = 15.4+ 1.6 Torr, 

[Cl„] = 1.16 + 0.16 Torr, and I = (2.82 + 0.44) x 10^^ cm~^sec“^. 

The measurements were made after 30% of the CI2 was consumed. For 
these conditions-, -#{012} = 0.11 + 0.02. The result is- independent 



Table 2 


Photolysis of CI 2 -O 2 Mixtures at 366 im and 297 + 3®K 


[ 03 ], 

Torr 

[CI2], 
Torr ■ 

Temp, 

OQ 

~13 

10 I , 

-3 -1 

cm sec 

${ocio}^ 

$^{ 0 C 10 }^ 

locio]^^, 

mTorr 

IQ C 

10 ^^ k26> 

3 -1 

cm sec 

19 c 

. 10 ^ k26> 

3 -1 

cm sec 

3.42 

7.78 

24.0 

4.34 

0.076. 

0.061 

3.38 

2.61 

2.68 

3.40 

6.87 

25.0 

3.84 

0.14 

0.12 

4.45 

2.24 

3.34 

3.81 

12.9 

23.7 

7.19 

0.079 

0.085 

5.55 

■ 2.81 

2.52 

4.08 

12.8 

22.0 

7.12 

0.083 

0.087 

5.69 

2.22 

2.39 

5.91 

13.4 

27.0 

7.47 

0..13 

0.12 

3.61 

2.28 

4.17 

5.95 

13.4 

23.1 

7.47 

O.'ll 

0.13 

3.30 

2.82 

3.93 

6.38 

13.1 

23.0 

7.30 

0.085 

0.095 

3.67 

2.93 

2.49 

7.90 

13.0 

23.4 

7.28 

0.12 

0.14 

2.71 

3.14 

3.84 

7.94 

14.3 

22.4 

7.99 

0.087 

0.095 

2.78 

2.62 

2.96 

8.01 

13.6 

26.9 

7.58 

0.10 

0.13 

2.80 

3.49 

3.17 

8.21 

13.0 

22.0 

7.28 

0.083 

0,090 

2.66 

2.60 

2.60 

8.91. 

13.2 

’ 22.0 

7.39 

0.079 

0.085 

• 2.35 

2.62 

2.62 

9.57 

13.4 

27.0 

• 7.47 . ‘ 

0.10 

0.14 

2.54 

3.76 

2.89 

10.3 

14.0 

21.7 

7.84 

0.092 

0.13 

2.73 

3.44 

2.43 

11.3 

14.2 • 

21.2 

7.91 

0.080 

, 0.081 

1.78 

2.44 

2.96 

11.4 

13.0 

23.5 

7.28 

0;075 

• 0.098 

2.10 

2.80 

2.14 


Table 2. (continued) 


^roiu Initial rate of formation. 

^From equation XVII. 

From decay curve. 

^From the steady state value of OCIO, equation XVIII. 



Table 3 


Photolysis of Cl 2“02 Mixtures at 366 nm and 297 + 3*^K in the Presence of O 2 or N 2 


[ 03 ], 

Torr 

[Clj], 

Torr 

[O 2 ], 

Torr 

[N 2 ] , 
Torr 

Temp, 

-13 

10 I , 

-3 -1 

cm sec 

$^{ 0 C 10 }^ 

$^{ 0 C 10 }^ 

[OCIO]^^. 

mTorr 

10 ^’ k26° 

3 -1 

• cm sec 

10 ^^ k26^ 

3 -1 

cm sec 

4.66 

16.8 



382 

23.0 

9.38 

0.067 

0.057 

4.48 ' 

3.04 

2.83 

5.48 

13.7 

625 

. 

27.1 

7.67 

■ 0.070 

0.075 

2.43 

3.35 

3.78 

5.95 

14.1 

590 

— 

27.0 

7.08 

0.090 

0,086 

4.43 

3.80 

2.59 

5.97 

14.0 

640 

— 

■27.0 

7.81 

0,074 

0.083 

3.90 

3.72 

2.40 

6,87 

13.8 


629 

27.2 

7.71 

0.070 

0.13 

2.23 

3.35 

3.40 

7.08 

13.9 

629 

— 

27.0 

7.76 

0.074 

0.072 

3.33 

2.93 

2.35 

7.93 

13.0 

589 

— 

26.7 

7.45 

0.068 

0.11 

2.39 

3.66 

2.54 

9.41 

13.2 

577 

— 

27.1 

7.39 

0.063 

0.16 

1.76 

3.48 

2.64 

9.61 

14.9 

625 

— 

27.0 

8.32 

0.075 

0.079 

2.61 

3.03 

2.40 

10.5 

15.2 

— 

614 

27.2 

8.49 

0.072 

0.069 

2.37 

3.37 

2.36 

10.7 

16.1 

584 

— 

27.0 

9.01 

0.067 

0.069 

2.32 

3.77 

2.35 

12.5 

13.5 


450 . 

23.8 

7.55 

0.092 

0.080 

1.29 

3.53 

4.06 


From initial .rate of formation. 

“From equation XVII. 

*^From decay curve. 

*^From the steady state value of OCIO, equation XVIII. 
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Table 4 

Photolysis of CI 2 -O 2 Mixtures at 366 ran 
and at Low Temperature 


[ 03 ], 

[Oljl, 

Temp, 

10 

1 , f.{OClO}^ 
a’ X 


10^^ k26» 
1 

■ Torr . 

Torr 


—0 — J- 

cm sec 

■ 

mTorr 

cm sec 

* 


' 

T = 

283 + 

1 “K 


■ 

3.91 

10.1 

10,2 

4.56 


0.053 

•4.23 

1.25 

6.54 

13.5 

10.2 

'6.09 


0.059 

5.59 

0.84 

■ 9.14 

13.0 

10.3 

5.86 


0.077 

3.98 

0.98 

9.45 

12.8 

io.o 

5.77 


0.071 

3.71 

1.00 

11.3 

13.5 

10.5 

6.09 


0.057 

2.56 

1.03 ' 




T = 

275.5 

+ 1°K 



3.62 

13.5 

3.3 

5.50 


0.042 

6.63 

0.78 

4.08 

13.0 

2.1 

5.29 


0.042 

4.98 

0.87 

. 4.90^ 

13.7 

l-O 

5.57 


0.036- - 

4.88 

0.67 

5.41 

15.3 

2,0 

6.24 


0.043 

5.92 

0.67 

5.84 

14.4 

1.4 

5.86 


0.048 ■ 

4.69 

0.84 

5,94 

13.7 

2.2 

5.58 


0.049 

5.45 

0.69 

7.55 

. 12.8 

2.2 

5.21 


0.045 

3.98 

0.64 . 

■7.62^ 

12.9 

0.0 

5.25 


0.040 

3.34 

0.66 

8.56"^ 

14.7. 

0.7 

5.98 


0.030 

3.70 

0.45 

8.89 

13.5 

2.5 

5.50 


0.041 

3.64- 

0.57 

9.26 

12.8 

2.5 

5.21 


0.036 

3.18 

0.52 

10,0 

14.3 

2.3 

5.82 


0.044 

2.90 

0.72 

11.2 

13.4 

2.3 

5.46 


0.033 

2.32 

0.57 . 

11.4 

15.1 

0.0 

6.14 


0.033 

2.97 

0.48- 

11 . 6 ^ 

15.7 

0.0 

6.40 


0.024 

2,09 

0.51 

11.7^ 

14.2 

0.0 

5.76 


0.034 

2.32 

0.58' 

11.9“^ 

11.6 

0.0 

• 4.74 


0.037 

2.82 

0.42 




T = 

263.6 

+ 1“K 



3.93 

13.5 

-9,2 ■ 

5.82 


0.022 

7.29 

,0.33 

4-01 

•13.1 

- -9:2 

5.65 


0.027 

8.70 

0.33 ■ 

7-. 20 

12-.6 

-9.1‘ 

5.44 


0,027 

4.93 

0.31 

9.96 

13.0 

-9.7 

•5.61 


0.022 

2,81 

0.34 

11.1 

12.8 

-9.7 

5.52 


0.027 

2.98 

0.34 


^rom initial rate of formation. 
^With 600-660 Torr O 2 also present. . 
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Table 4. (continued) 

‘iJith 450-640 Torr N 2 also present, 

^From the steady state value of OCIO, eqization XVIII. 



Figure 8. Plots of $i{0C10} vs. la at 297 + 3 “K. O 
with N 2 present; B, with O 2 also present; 
without 0^ or N 2 present. 



0100 




Figure 9 


Plots of $i{0C10} vs. [ 03 ] . At 297 ; 
present; H , with O 2 also present; x 
present. At 275 + 1°K: with N; 
with O 2 also present; without O 2 


■ S'K: O, witli N 2 

without O 2 or N 2 
also present; , 
or N 2 present. 






Figure 10. Arrhenius Plot of $^{0C10} for the Photolysis of 012-0^ 
Mixtures 



({oloo} '*)u| 
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Table 5 

Average Value of f^{0C10} 


Temp, K 

^.{ocio}^ 

#^{0C10}^ 

297 

0.089 + 0.013 

0.100 + 0.030 

297 

0.075 + 0.011* 


297 

0.073 + 0.008** 


283 

0.063 + 0.010 


275.5 

0.041 + 0.005 


275.. 5 

0.034 + 0.009* 


275.5 

0.033 + 0.003** 


263.6 

0.025 + 0.03 



From initial rate of formation. 
From equation XVII. 

*450-640 Torr N 2 also present. 
**600-r660 Torr ©2 also present. 
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of the absence or presence of 650 Torr of N 2 oi' 02* results 

are presented in Table 6. 

B.3. Ozone Removal Quantum Yield 

Jayanty and associates (76) used both infrared and ultraviolet 

absorption spectroscopy to study the 0^ removal quantum yield at 

297 + 3°K. Our results using ultraviolet spectroscopy were consistent 

with those obtained by Jayanty, Many experiments were done at . . 

lower temperatures, covering 0^ pressures from 0.098 Torr to 

0.499 Torr and I values from 2.1 x 10^^ to 8.3 x 10^^ cm' ^sec 
a 

To satisfy the pseudo-first order condition, CI 2 was always present 
in excess. The results are given in Table 7. Typical decay plots of 
of 0^ with time at various temperatures are shown in Figure 11. The 
constant rate of 0^ removal indicates the decay rate is zero order in 
pressure.-. However, at high percentages of conversion (>90%), the 
rate slows indicating the possibility of competitive process for 
chlorine atoms. ■ 

The values of at 297"K are 5.9 ± 0.4 and decrease with 

decreasing temperature. ' The results at room temperature agree 

qualitatively with those of Jayanty and associates (76) , Norrish and 

Neville (59) and Lin et al. (62). The value of is invariant to 

changes in either [0-] or the I . The addition of 0„ reduced the value 

j a - 2 . ' 

of -^{O^} (76). It was also found by Jayanty and associates (76) that 
addition of up to 680 Torr of N 2 had no effect on 

B.4. O 2 Formation Quantum Yield 

The O 2 formation quantum yield was obtained from the ratio of 
O 2 produced to 0^ lost. This ratio was measured at 296 ± l^K for 
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Table 6 

Chlorine Removal Quantum Yield at 30% Conversion in 
the Photolysis of Mixtures at 366 nm. and 296“K 


[Ogl-Q, 


[Cl2]o> 

-13 

10 I 

3 

-Hci^y 

Torr 


. Torr 

^ JL 

cm sec 


13.8* 


1.32 

3.26 

0.12 . 

15.0** 


1.28 

3.16 

0.11 

15.0 


■ 1.17 

2.88 

0.13 

15.5** 

■■ 

1.24 

3.06 

0.11 

16.7 


1.28 

3.16 

0.09 

17.1 


1.01 

2.49 

0.09 

*With 

650 

Torr N2 .also present. 


**With 

650 

Torr 0^ also 

present. 
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Table 7- 

Ozone Removal Quantum Yield -in the Photolysis 
of Cl^-O^ Mixtures at 366 nm 


Torr 

[CI 2 ], 

Torr 

10-“ .1^. . 

-3 -1 

cm sec 

-MOj} 


Experiments 

at 297 + 3®K 


0.048 . 

0.86. 

3.2 

5,5 

0.112 

3. '31 

1.2 

5.6 

,0.482 

11.1 

,4.1 

6.2- 

0.534 

10.3 

3.8 

6.2’ 


•Experiments 

at 283 + 1“K ' 


0.098 

ii.5 

.4.9 

’ 3.7-- 

0.099 

11.1 

4.. 7 

.3 .'4 

0.106 

11.6 

4.9 

3.8 

0.114 ' 

11.1 

4.7 

3.8 

0.146 

4.90 

2.1 

■ 4.2 

0.147 

11.1 

4,7 

4.i 

0.162 

17.9 

8.3 

3.6- 

0.174 

10.5 

4.5 

3.9 

0.185 

10.8 

4.6 

3.9 

0.244 

11! 8 

5.0 

4.2 

0.306 

11.3 

4.8 

4.2 

0.340 

6.07 

2.6 

4.5 ■ 

0.369 

21.2 

9.0 

3.8 

0.449 -■ 

11.1 ■ 

4.7 

4.7 


Experiments 

at 273 + 1“K. 


0.113 

11.1 

5.7 

2.4 

0.124 

3.93 

2.0 

• 2.7 
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Table 7. (continued) 


[o^io* 

ICI 2 ], 

-13 

10 I , 

-Ho^} 

Torr 

Torr 

0 X 

cm sec 


0.149 

20.0 

. 11.3 

2.6 

0.154 

, ■ 18.2 

9.3 

' 2.6 

0.180 

11.1 - 

5.7 

2.7 

0.193 

5.14 

2.6 

3.3 

0.220 

11.1 

5.7 

■ 2.9 

0.363 

8.64 

4.4 

2.7 

0.429 

20.9 

10.7 

3.2 

0.449 

6.00 

3.1 

3.0 

0-494 

10.7 

5.5 

■ 3.4 

0.537 

11.1 

5.7 

3.2 

0.547 

11.1 

5.7 ■ 

2.9 


Experiments 

at 252 + 1“K 


0.131 

10.6 

9.2 

1.9 

0.155 

10.7 

9.3 

1.7 

0.188 

11.4 

9.9 ■ 


0.395 

10.7. 

9.3 

1.9 

0.413 

3.97 

3.4 

1.1 

0.427 

10.7 

9.3 

1.8 

0.465 

14.4 

15.1 

2.2 
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•Figure 11. Plots of [O 3 ] vs. Photolysis Time. 

. The reaction conditions are as 
follows ; 



[O 3 ],. Torr 

[CI 2 ], Torr 

T, "K • 

X 

' 0.482 

11.1 

296 ■ 

9 

0.449 

11. 1 

283 . 


0.494 

10.7 . 

.273 . 

.0 

0.437 

16.7 . 

252- • 
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0^ conversions ranging from 18% to 100%. The initial 0^ pressures 
range from 5.76 to 12.7 Torr and the initial CI2 pressure from 6.85 
to 25.9 Torr. The results are presented in Table 8. The ratio of 
©2 formed to 0^ consumed was about 1.5 as expected for a catalyzed 
decomposition of O^. From the known value of the average 

value of ${02} at 296°K is 8.6 + 0.3 in. the absence of added O2 pr 
N2. The uncertainties due to pressure measurement by the' expansion 
method are less than 2%. 

B.5. Kinetics of the OCIO + 0^ Reaction 

The rate of the reaction of OCIO with 0^ was determined in two 
ways. In the first- method, mixtures of Cl2-02 were photolyzed until 
the steady state value of OCIO produced. When the radiation was 
terminated OCIO decayed as shoxm in Figure 7. Presumably the decay 
is due to the reaction with 0^. 

OCIO + 02-’' Products 26 

Typical first order plots of OCIO decay in the dark at 297 ®K are 
shown in Figures 12, 13, and 14 for [O^l, pressure, and temperature 
variations respectively. Since the amount of 0^ change during the 
reaction was negligible, the values of k2g were obtained -by dividing 
the slope obtained from the first order plot with the initial 0^ 
pressure. Figures 12 and 13 .showed the deviation from linearity after 
80% of OCIO was consumed. This deviation might be due to the additional 
loss of OCIO through other processes. 

From Figure 14, it is apparent that the plot is linear only at 
297 °K. Below this temperature, .there is a significantly increasing 
deviation from linearity with decreasing temperature. The decay data 



Figure 12. First Order Plots of OCIO Decay in the Dark after 
the Photolysis of CI 2 -O 3 Mixtures at 297 + 3®K 
and at Different O 3 Pressures. The reaction 
. conditions are as follows. 



[O 3 ], Torr 

CI 2 , Torr 

m 

11.40 

13.0 

G 

8.91 

13.2 

e 

5.95 

13.4 

X 

4.08 

12.8 
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Table 8 

O 2 Formation in the Chlorine-Photosensitized 
Decomposition of at 366.0 nm and 296,+ 1“K 


to.3], 

Torr 

Torr 

10~^^ I , 

-3 P 
cm sec 

A[02]/A[03] 

% Conversion 

O3 ■ 

5.76 

19.9 

4.47 

1.53 

100 

7.55 

.25.9 

5.83 

1.46 

100/ 

8.05 

22.6 

5.09 

1.55 

100^ 

8.56 . 

7.39 

1.66 

1.49 

100® 

10.9 

11.5 

2.59 

1.55 

100® 

11,4 

6.85 

r.54 

1.46 

100® 

11.6 

10.0 

2.25 

1.46 

100® 

11.6 

. 11.1 

2.50 

1.39 

86 

12.7 

20.3 

4.57 

1.44 

81 

12.7 

20.3 

4.57 

1.45 

78 


Photolysis time is twice that calculated to be necessary for- 
100% conversion of 0^. 




([ocio]o/[ocio]) 



Time, sec 





Figure 13. First Order Plots of OCIO Decay in the Dark after 
the Photolysis of 012-03 Mixtures at 297 + 
and in the Presence of O 2 or N 2 » The reaction 
conditions are as follows. 


[0^1 » Torr [Cl 2 l> Torr EO 2 ], Torr ^^2^^ 


B 6.38 13.1 

, crx 

o 

© 6.87 13.8 629 


X 


7.08 


13.9 


629 





Figure 14. First Order Plots of OCIO Decay in the Dark after 
the Photolysis of CI 2 -O 3 Mixtures at Various 
Temperatures. The reaction conditions are as 
follows . 



[0^], Torr 

[CI 2 ], Torr 

t; “K 

X 

8.91 

13.2 

296.1 

■ 

9.45 

12 . 8 ’ 

283.1 

e 

9.46 

12.8 

275.5 

0 

■ 7.26 

12.6 

264.0 
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at 297 “K are given in Tables 2 and 3. The average value of 
at 297°K is (3,02 + 0.49) x 10 cm^sec ^ independent of I , [0«] 
and the presence or absence of N 2 and O 2 . All of the values of 
k 2 g obtained from the decay curves are summarized in Figure 15. 

The data at lower temperatures cannot be stnnmarized in- this form. 

The values of k 2 ^ were also computed from the steady state 
expression for OCIO during irradiation. The results are presented 
in Tables 2, 3, and 4. 

In the second method, the pure OCIO was used to study the 

kinetics of OCIO + 0^ reaction. The OCIO was directly mixed with 

excess 0^ in the reaction cell. Excess 0^ was used to satisfy the 

pseudo-first order condition. The loss of OCIO was followed at 

400 nm. The OCIO decay was observed to be first order in OCIO in 

the presence of 0^. Typical first order, plots of OCIO decay at 

four temperatures for the same 0^ are shown in Figure 16. 

The rate coefficient k 2 ^ obtained from the plots are presented 

in Table . 9. The value of ^26 is independent of the 0^ pressure; 

thus the reaction is first order in O^. An Arrhenius plot of k^^^ is 

shown in Figure 17. The best straight line through the three data 

—13 

points gives an Arrhenius expression of k^^ = 6.1 x 10 . 

3 —1 

exp[-4308/T] cm sec . Also shown in Figure 17 are the data points. 

obtained from the steady-state of OCIO in the photolysis of Cl2“0^ 

mixtures. . The Arrhenius expression which best fits these data is 
■“11 3 1 

1.9 X 10 exp f- (5360) /T] cm sec . The average of the two ' Arrhenius 

—12 3 -!• 

expressions is 2.3 x 10 exp [-(4730 + 630) /T] cm sec , and is the 


recommended value. 



Figure 15 . Plots of k26 (Obtained from the OCIO Decay Curve 
after the Photolysis of CI2-O3 Mixtures) vs. [O3] 
at 297 + 3 ”K. ©, with N2 also present; Bi , with 

O2 also present; x, without O2 or N2 present. 




2 3 4 5 6 7 8 9 10 II 12 


[oJ.To 



Figure 16. First Order Plots of OCIO Decay in the Presence of 
Excess 0^ (Direct Reaction of OClO with 0^) 
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Table 9 

Reactions of OClO with 0^ 


o' 

[OClO] , 
■ mTorr 

Temp, 

“K 

19 

10 k26, 

3 ^1 

cm sec 


Temperature = 

296.3 + 1.7“K 


4.82 

54.9 

297.7 

2.67 

4.90 

37.3 

297.7 

2.69 

5.45 

59.7 

297.6 

3.02 

5.91 

43.5 

297.4 

2.98 

5.99 

38.2 

297.6 

2.82 

7.39* 

40.2 

295.0 

3.36 

7.43*. 

42.2 

• 293.4 

3.12 

8.36 

42.8 

293.2 

3.4'4 

8.40 

35.0 

295.0 

3.39 

8.71 

44.1 

296.5 

3.48 ■ 

11.1 

65:9 

297.7 

3. .06. 

17.5 

53.1 

297.4 

3.24 

19.2 

31.1 

295.1 

2.79 


Temperature = 

273.4 + 1.0“K 


2.84 

161.0 

273,5 

0.73 

4.47 

88.4 

275,5 

0.89 

4.75 

201.0 

273.0 

0.92 

5.41 

75.1 

274.5 

0.73 

5.52 

40.9 

273.0 

0.62 

6.02 

34.9 

273.0 

0.73 

8.48 

50.3 

274.0 

0.92 

8.79 

.43.5 

273.5 

6.74. 

’ 8.87 

48.3 

273.0 

0.93 

9.49 

43.5 

273.3 

0.94 

9.49 

43.5 

273.1 

0.87 

11.2 

41.5 

273.0 

0.92 
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Table 9. (continued) 


[ 03 ], 

[OCIO], 

Temps 


Torr 

mTorr 

“K 

cm sec 

23.8 

44.2 

272.8 

0.94 

29.0 

• 41.5 

273.0 

0.88 


Temperature 

= 262.0 + 1 . 0 ®K 

• 

2.53 

131.3 

262.0 

0.48 

4.40 

49.05 

263.0 . 

0.48 

4.59 

153.7 

262.0 

0.41 

6.42 

58.75 

261.4 

0.46 

7.70 

131.3 

261.7 

' 0.45 


*With 100 Torr N 2 also present. 






In k26(cmVsec) 



IOVt, 

Figure' 17. Arrhenius Plots of k 26 - Q, values from the direct OClO -03 
reaction; x, values from the steady state OCIO values. 
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At room temperature both determinations give essentially the 

—19 3 —1 

same value for k2g[(3.08 + 0.25) x 10 cm sec from direct mixing 

and .(2.88 + 0.59) x 10 cm^sec ^ from the steady-state value of OCIO 

in the 012 - 0 ^ photolysis] . Eurthermore, the value obtained in the 

dark decay of OCIO after photolysis of CI 2 -O 2 mixtures is (3.02 + 

0 . 49 ) X 10 cm sec in excellent agreement with the other two- 

values. Lin et al. (62) have made two independent determinations 

-19 3 -1 

of k 2 g at room temperature, both of which give 3.0 x 10 cm sec 
in excellent agreement with our three determinations. The value for 
k 2 g = (1.20 + 0.15) X 10 cm^sec ^ obtained by Birks et al. (46) 
at 298”K appears to be too low. 

C. ' Discussion 

The major conclusions that can be drawn from the 012-0^ system 

are: 

1. The photolysis of 012-0^ mixtures at 366 nm leads to the 
removal of O^' and CI 2 and to the production of O 2 and C 12.02 as final 
products. OCIO is prdduced as an Intermediate. 

2. The reaction of OCIO and 0^ is first order in both OCIO and 
0^. The value of the rate coefficient for. this reaction is indif- 
ferent to the presence or .absence of O 2 and N 2 (>500 Torr) . 

3. The Og removal quantum yield is approximately 6 at 297 °K 

and is invariant to changes in [0«] and I , As it was observed by 

_ a 

Jayanty and associates (76), the addition of N 2 (680 Torr) has no 
effect on -^{Og}* however; the addition of O .2 reduced -^{O^}* 
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4. The chlorine removal quantum yield is very small (0.11 +' 
0.02) and is invariant to the presence or absence of 0 ^ and 

5. The oxygen formation quantxim yield is about one and one half 
times the 0^ removal quantum yield. 

6. i>^{OC10} = 2.5 x lO^ exp[-(3025 + 625)/T]. The OCIO formation 
quantum yield is invariant to -changes in [Oo], I and the presence or 

3 . 

absence of O 2 and N 2 * 

The fact that the values of $^{0C10} and -#{Cl 2 }are low, and 
the fact that the ratio of O 2 produced to 0^ consumed is 1.5 indicates 
that' the photolysis of GI 2 -O 2 mixtures is primarily a photocatalytic 
decomposition of 0^. The mechanism of the photolysis can be discussed 
in terms of a set of reactions which have been shown to be important. 
At 366 nm only CI 2 absorbs and it photodecompbses to give chlorine 
atoms which can then react with 0^. 


Cl., + hv (366 nm) 2C1 rate = I 

Cl + Og CIO + O 2 10 

The rate constant for reaction 10 is'k^Q = (2.7 + 1.2) x 10 
exp[-(257 + 106)/T] cm^sec”^ (77-82). 

There are two extreme cases to be considered: - case (a), the 
CIO radicals . produced in 10 do not react with 0^ under any conditions 
and case (b), the CIO radicals always react with 0^. Thus for' case’, (a) 


2C10 Cl + ClOO 


23a 


CI2 + 


23b 


OCIO + Cl 


23c 
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ClOO + M -+• Cl + O 2 + M 24 

and for case (b) 

CIO + 0^ -> OCIO + O 2 25a 

^ Cl + 2 O 2 25b 

In either case (a) or case (b) , the subsequent reactions of OCIO will 
be 

OCIO + 0^ sym-ClOg + O 2 26 

2010 ^ + 02 *^ ^^ 2^7 °2 

since Cl 20 y is found to be a final product of the photolysis reaction 
and OCIO is an intermediate (76). Reaction 26 might also give CIO + 

2 O 2 as products, but the data of Birks et al. (46) is inconsistent 
with the occurrence of this channel. We ignore this channel since 

it does not significantly alter the kinetic analysis. 

The ClOO radical is unstable and decomposes rapidly at room temper- 
ature via reaction 24 (61) . Reaction 26 is known (53) . Presumably 
the reaction leads to symmetrical CIO^ initially, but an unsym- 
metrical form cannot be ruled out. The subsequent fate of CIO^ is 

not entirely clear. Early workers observed both C1_0, and C1-0-, as 

2 0 1 } 

products of the Cl 2 -photocatalytic decomposition of 0^ (83) . The rela- 
tive amounts of the oxides appeared to depend on experimental conditions. 
At higher temperatures (30 °C), Cl20^ is favored, whereas at lower 
temperatures, Cl20g could be observed (83). It seems likely that 
under conditions such that CIO^ formation is rapid and the temperature 
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is low ClxO, condensation would be favored. This suggests that the 

Z D 

reaction of CIO^ with 0^ is slow and has an activation energy. 

However recently, Davidson and Williams (60) could detect only CIO^ 
after hydrolysis of the reaction products indicating that Cl20y 
was the only product even though they worked under conditions' 'in 
which earlier workers detected Cl20g formation. 

In, the present work ClO^ formation was not observed by spectro- 
scopic methods because of the low concentration of ClO^ ([CIO^] '< 

20 mtorr). However, the formation of and the reaction of OCIO 

with 0^ requires that CIO^ must have been present as an intermediate. 

Mechanisms (a) and (b) are mutually exclusive, because the data 
shows that -#{0^} is invariant to [0^] and the absorbed light 
intensity, I . If both mechanisms were operating simultaneously, 

would be dependent upon I 031* because reaction 25 involves 0^, 
but reaction 23 does not, would also be dependent on I , 

because reaction 23 is bimolecular in radicals and reaction 25 is not. 
Therefore, our task. is to decide whether mechanism (a) and (b) is 
Operative- 

First, let us consider that mechanism (b) is operating. This 
mechanism predicts that ${0C10} = 2 and -#{012) = 

1. The measured is nearly 7, but ${02 }' is 50% greater than 

#.{0G10} = 0.089 + 0.013 and -${C1.} = 0.11 +0.02 at 297°K; 
clearly mechanism (b) is not important and need not be considered any 
further. 

Thus, mechanism (a) can be summarized as the following set of 


reactions': 



76 


Cl„ + hv (366 om) + 2C1 Rate = 

Cl + 0^ CIO + O 2 10 

2C10 Cl + ClOO 23a 

* CI 2 + 0^ 23b 

^ OCIO + Cl 23c 

ClOO + M -> Cl + (>2 + M 24 

OCIO + 0^ ->■ sym-ClOg + O 2 26 

2 CIO 3 + Og CI 2 O 2 + O 2 27 


The values of the known rate coefficients for the reactions in 
mechanism (a) are summarized in Table 10. 

An analysis of the above reactions leads to the following 
steady-state concentration expression for the radicals in the 
system. 


- 

21 

( 

> + «,1^23a-e + 

T 


^10 ^^3^ 

I 


= (21 

II 

[OCIO]^^ 


21 *a 
a 

III 

^26 ^®3^ 



< i’*a 
a 

IV 


[k27[p3]J 


where a = ^ 230 * ^ 


^ ~ ^^23c ■** ^^23b^ 


1 



Table 10 


The Rate Coefficients for the Reactions in the Photolysis of'Cl2“02 Mixtures 


Rate Coefficient 


3 ^ -1 

cm sec 


Temp , °K Reference 


k 

k 

k 

k 

k 

k 

k 


11 

23 

23 
23a 
23c 

24 

25 




(2.7 + 1.2) 


1.2 X 
2.1 X 

1.14 X 


2.3 X 


X 10“^^ exp [-(257 + 106) /T] 

■ 205-298 

77-82 

-14' 



2.3 X 10 

300. 

90 

4.4 x 10"^"^ 

298 

41 

10"^^ exp [ (-1179) /T] 


90 

lO"^^ exp [ (-2201) /T3 


90 

10“^^ exp [-(3370 + 350) /T] 


41 

< 1-x 10“^^ 


This lab 

< 5 X ib“^^ 


61 

< 5 X 10“^^ 


46 

10“^^ exp [-(4730 + 630) /T] 


This lab 

1.7 X 10“^^^^^ 

275.5 

This lab 

,1.15 X 

264 

This lab 

2.68 X, 10~^^ 

275.5 ■ 

This lab 

-19 

.1.08 X 10 

264 

This lab 


The .unit for k, 


29 


. • 6 -1 
is, cm sec 
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Mechanism (a) leads to the following rate laws. 


$^{0G10} ^ ^ 2^2313/^23^ 

4 + 

-®ln > - zj 

3 2k_„, /k~„ + k„_ /k- 


V 


VI 


23b' 23 


"23c' 23 


-${012} = a/ 2 )$JOClO> 
${02> = (3/2) [-^{03}] 


VII 

VIII 


The mechanism predicts that f^{0C10), -${03} and -${012) are 
invariant to [O3] and I^', and one half of -${03}, 

These predictions are completely consistent with the observed data. 

The fact that -${012} does not equal one half of -§j^{0C10} is discussed 
later. Equation V can be rearranged to give: 


■2k 


$^{0C10> = 


23c 


+ 2k 
23c 23b 


23c 

'^23b 


IX 


if k„» « 2k«„, . #.{0C10} was determined as a function of 

23c 23b 1 

temperature (see Table 6 and Figure 10), Since ^^{OCIO} is nearly 

^23c^^23b* Arrhenius expression for ^23c^^23b same as 

i^{0C10}. 


= 2.5 X 10^ exp [-(3025 t 625) /T] 


^23b 


X 


•The ratio of the three channels of reaction can be computed from 
equations V and VI. 
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^23b ^ 1 - ' 4 

k23 $^{0C10} ' 2y + - 3 

^23c ^ 4 

k23 • 2y + [-MO 3 }] - 3 

Ic Ic If 

23a ^ _ 23b _■ 23 c 

It t 

K 23 «^23 23 

[-${03}] 

^ $^{0C10} 


XI 


XII 


XIII 


where the measured value of -^{O^} =5.8 and $^{0C10} = 0.089. at 
273°K. The. values computed from equations XI, XII, and XIII are the 

following; ^23a^^23 ~ 0*^3, ^23b^^23 “ ^23c^^23 ~ 

Since f^{0C10} and, ~^>{03} are pressure invariant (76) , these 

ratios are also invariant over the range of pressures emplpyed in 
this .study. 

At low temperatures, equation XI can be rearranged to 


k23^ 2l^^°3^^ 


XIV 


The ratio of ^23^^23b obtained from the study of the temperature 

dependence of -${0 }. The values of k„.,/k-„, calculated from 

j Zd Zou 

equation XIV are 1.99 at 283°K, 1.45 at 273"K and 1.0 at 252.°K. This 
implies that reaction 23 proceeds predominantly through channel 23b 
at low temperatures. 

From the Arrhenius expression of ^23c^^23b (^^'^^tion X) , the large 
value of the preexponential factor ^23c^^23b that the 
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reaction channel 23b and 23c proceed through very different transition 
states. From the large value of ^23c’ reasonable to assume 

that the reaction 23c is an atom abstraction reaction with a linear 
‘ transition state. The lower value of suggests that reaction 23b 

involves a tighter transition state than that to reaction 23c. It is 
reasonable to assume that reaction 23b involves a four center 
transition state. 

The reactions of CIO with itself, reaction 23, have been studied 
in some detail recently, but there is still controversy about the 
relative importance of the three channels' at higher pressure. Basco 
and Dogra (84,85) have interpreted their flash photolysis data at - 
high pressures (about 75 Torr argon) in terms of reaction 23b 
exclusively. Johnston et al, (86) working at low light intensities 
found a pressure effect on CIO disproportionation and proposed the 
reaction 

■ 2C10 + M.-»- Cl^ + 0^ + M 28\ 

In a more recent paper, Wu and Johnston (87) have confirmed the effect 
of total pressure on their results, but now feel that the pressure 
effect may actually be associa'ted with other reactions in their 
system or that at low light intensity the mechanism of CIO dispro- 
portionation differs from that at higher light intensity. 

At low pressures, Clyne and coworkers (61,88,89) have conclusively 
shown that reaction 23a is dominant and in their most recent paper 
(61) have shown that the distribution at low pressures is’ the 
followingi 23a (95/i), 23c (5%). They have also done computer 
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their 

the 

and Dogra. 
the data 
expressions 


some extent 

It is not clear how all these results- can be brought. into 
harmony, however; it seems likely to us that reactions 23a and 23b 
are important under all pressure conditions. The data of Glyne et al. 
(61) are consistent with a contribution from both reactions 23a. and 
23b, and in fact in our system reaction 23b must be the major, 
termination step. It is possible that Cl atom formation in the 
Basco and Dogra work may have been overlooked. 

The upper limit for may be computed by requiring that 
reaction 25 be negligible compared to reaction 23. Then 


modeling of the results of Basco and Dogra. and find that 
results can be reinterpreted in terms of reaction 23a as 
-dominant channel contrary to the Interpretation of Basco 
Recently Clyne and Watson (90) have reevaluated all 
in terms only of reactions 23a and 23c and recommend the 


k 22 ^ = 1.2 X 10 exp [-9. 8 KJ/mole/RT] cm^sec ^ 

k^^j, = 2.1 X 10 exp [-is. 3 KJ/mole/RT] cm^sec.^ 


though the data do not exclude reaction 23b . occurring to 
and ^23a really represent + ^23b* 


23 

k < — 
*^25 . [OJ 


f I. 


23b 


1/2 


XV 


-14 3 -1 

where k 2 ^ = 2.3 x 10 cm sec according to Cl 3 me and Watson (90) 
-14 3 -1 

. and 4.4 x 10 cm sec according to Watson (41). Even at our 

highest va.lue of [0„]/(I )^^^ = 1.6 x 10^^ (sec/cm^)^^^, there is 

no variation of $.{0C10}. This means there is no contribution to 
1 
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OCIO due to reaction 25a and for this to be true k 2 ^ must be less 
“18 3 “1 

than 1 X 10 cm sec . This upper limit of k 2 ^ is in good 

•agreement with a conclusion reached by Lin et al. (62). The low ■ 

value of k 2 ^ is also consistent with the upper limit of about 

5 X 10 cm^sec ^ obtained by Cl 3 me et al. (61) and 5 x 10 
3 -1 

cm sec obtained by Birks et al. (46), However, Clyne et al. using 
a discharge flow technique found that in the presence of 0 ^ more 
OCIO was produced than could be explained by reaction 23c alone and 
considered it probable that their upper limit was the actual value 
for k 25 - 

The OCIO profile at 298 °K shown in Figure 7 may be analyzed 
quantitatively for self consistency over the entire region (light 
and dark) by integrating the differential equations for OCIO 
formation and decay. The differential equation during Irradiation 
is 


^[OCIO] = $^{0C10} - k2g[03][0C10] XVI 

Integration gives 

■ [OCIO]^ = ($^{0C10} 13 /^ 26 " e2cp{-k2g[03]t}) XVII 

A plot of [OCIO] vs. exp{-k 2 g [0^3 t} should be linear with a slope and 
intercept of $^{OC 10 }l^/k 2 gl 03 ] . Figure 18 shows that the plots at 
297 + 3‘*K are reasonably linear as required. Values of #^{0C10} 
obtained from the slopes of these plots are presented in Tables 2, 3, 
and 5. They are in good agreement with the values obtained from the 



Figure 18. Plots of [OCIO] vs. exp(-k 2 g [0„]t) for Selected Data at 
297 + 
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initial growth rates. ■ At lower temperatures, plots of equation XVII 
are not linear. 

Equation II, the steady state expression for OCIO during 
irradiation, can be rearranged to; 


[OCIOJ^^ 


«.{0C10}I 
X a 


^26 


XVIII 


Values of computed from equation XVIII using the observed values 

of [OCIO] are also presented in Tables 2, 3, and 4. At 297 °K 
s s 

these values are in good agreement with those obtained from the 
decay plots (see Figure 19) . 

At temperatures below 297 “K the OCIO decay profiles in the dark 
show an induction period (Figure 7) and- the Integrated growth curves 
(equation XVIII) are not linear indicating that the mechanism thus 
far outlined is not complete at lower temperatures. • These observations 
can be interpreted in - terms of the equilibrium 


C10 + OCIO + M Cl^O^ + M 29,' -29 

The CI 2 O 2 ^*^ts as a reservoir of OCIO leading to the slow initial 
rate of OCIO depletion upon the termination of light. ■ 

As a test of this h 3 rpothesis, profiles for OCIO were calculated 
for all temperatures by numerically integrating the rate equations 
for CIO .and CI 2 O 2 . The only assumption made in this computation was 
that Cl has reached -its steady state value. An adaptive pattern 
search routine (91) was used to calculate the rate coefficients for 
'reaction '29 and -29. The details are given in Appendix II. This 





Figure 19. Plots of lc 26 vs. [^ 3 ] at 297 + 3°K. x, values obtained 
from the initial slope of the decay curves in the dark 
after the photolysis; © , values obtained from the 
steady state OCIO values during the photolysis; ©, 
values obtained from the direct reaction of OCIO with 0^. 


00 

c^ 



cm'' sec 
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algorithm varies the rate constants ^2^, ^_29’ ^23c* ^26 that 

the mean square error between the calculated and the experimental 
values of OCIO are minimized. The OCIO growth is controlled initially 
by the parameter ^23c^^23b decay is controlled by ^ 2 $’ 

However, absolute values for ^2313 ^23c needed for the 

computation. These were obtained from the values of $^{0C10}, 

and the literature value for k22 (4.4 x 10 cm sec ■*■) (41). 

In order to test the validity of this integration method, room 
temperature profiles for OCIO were also fitted. For this- case the 
values of k2^ and ^_ 2 g nsed were zero. This is equivalent to 


having a complete CI2O2 dissociation. 


-11 


At 275 K and 264“K, k2g[M] was varied from 1.00 x 10 ,to 

1.00 X 10 cm^sec ^ and k_2g[M] from 10.00 to 0.01 sec The 

constant ^2^^ was allowed to vary within +20% of the calculated 
value from $^{0C10 }, and ^22* The constant k2g was varied 
within the range of values obtained from the steady state of OClO 
and from the direct mixing experiments. Typical computer profiles, 
together with the experimental profiles are shown in Figure 7. 

The overall errors of the computed profiles were within +20% of 


the experimental profiles. The average value of k2^(M] is 

(1.2 + 0.4) X 10~^^ cm^sec“^ at 275. 5°K, and ,(5.5 + 1.5) x 10~^® 

3 

cm sec at 264 “K. The average value of k_2g[M] is (0.19 + 0.08) 
sec at 275.5 K and (0.08 + 0.03) sec ^ at 264 °K. The results are 
the average of six runs at 275. 5 °K and four runs at 264“K. At both 
temperatures, the average pressures for the runs used to determine 
1^29 [M] and k_2g[M] were 20.2 +3.2 Torr. When converted to third 
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“33 

and second order rate coefficients, we obtain =■ 1.70 x 10 and 
1-15 X 10 cm^sec ^ at 275.5 and 264°K, respectively, and 
k_2^ = 2.68 X 10 and 1.08 x 10 cm^sec ^ at 275.5 and 264°K 
respectively. 

We estimate that these values are accurate to within a factor 
of two. Of course, at 296 “K, Ol^O^ formation is not important 
because of the rapid reverse reaction, and below 264®K the reactions 
are too slow to obtain meaningful results. The values of k2^ show 
a slight positive activation energy, though this may just .reflect 
the error in the measurements. The rate coefficients for k_2g are 
consistent with a bond dissociation enthalpy of about 12 kcal/mole 
for Cl^O^. 

So far a discussion of -${012) was neglected in interpreting the 
data. Mass balance considerations require that in the Initial part 
of the experiment -${Cl2) = $^{0C10}/2. In our experiments, -${012} 
was measured, by necessity, for large conversions, and it was found 
to be much greater than i>^{0Cl0}/2 . Possibly secondary reactions 
may be involved in which the higher oxides of chlorine (CIO^, CIO^, 
and possibly Cl20^ or Cl20g) react whether with CI2 or CIO to produce 
CI2O2. This may be a surface reaction. The details of such a 
reaction cannot be determined from our data. 

If the reaction removing additional CI2 does not involve OCIO 
as an intermediate, then the OCIO concentration is not affected by 
it. However, if additional OCIO is produced, as seems likely, then 
the steady state concentration of OCIO should show an accelerated 
rise as the reaction proceeds toward completion. The steady state 
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value of OCIO is inversely proportional to even if OCIO is not 

an intermediate in the secondary reaction. We attempted to monitor 
[OCIO] for long conversions, but the uncertainty in the measurements 
caused by instrument drift made it difficult to determine if [OCIO] 
increased more than would be expected due to the depletion of 0^. 

D, Atmospheric Implications 

To estimate the importance of reaction 25 in the stratosphere, 
the reaction rate was compared with the following: 

1. The photodissociation rate of CIO, 

2. The rate that CIO reacts with other species present in the 

3 

stratosphere such as 0( P) and NO. 

The photodissociation rate, J, of any species can be calculated 
using the following equation, 

J = solar flux intensity x the absorption cross section 

of that species XIX 


Thus for the CIO-O^ system the ratio of the photolysis rate of CIO 
vs. the rate of reaction with 0^ is 


Photolysis Rate 
^25 


J{C10} 


XX 


15 -2 -1 

Assuming the solar flux intensity to be 1 x 10. cm sec (1), the 

p 2 

absorption cross section of CIO at 303.45 nm = 0.7 x 10 cm (41) 

12 -3 

and [O^J at 20 km to be 4 x 10 cm (1) , the result from equation 
XX shows that the photolysis process is at least 175 times faster than 


reaction 25. 
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The rate of reaction 25 was also compared with the rate of 


reactions 11 and 16. 


CIO + 0(^P) Cl + NO^ 

11 

CIO + NO ^ Cl + NO 

16 

where k^^ = 5.3 x 10 cm^sec ^ at 298 °K (42) 

3 —1 

cm sec at 298°K (43,44). The reaction ratios 

and k^g = 1.8 X lO"^^ 
for these equations 

are : 


R^i/R25 = 

XXI 


XXII 


The pertinent concentrations at 20 km were taken to be (1) : 

0(^P) = 1 X 10^ cm-^, 0^ = 4 X lO^^cm and NO = 2 x 10^ cm The 

results show that at 20 km reactions 11 and 16 are at least 13 and 

900 times respectively more important than reaction 25. 

The importance of reaction 26 in the stratosphere was evaluated 

in a similar manner. Using the absorption cross section for OCIO at 
-17 2 

351.2 nm, 1.1 x 10 cm (41), the photolysis rate is approximately 

4 

1 X 10 times faster than reaction 26. It can be concluded that the 
values of the rate coefficients for reactions 25 and 26 are too low 
to make these reactions of any significance in the earth’s atmosphere. 
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Chapter 3 

THE Cl2~02~N0 SYSTEM: THE REACTION OF ClOO WITH NO 

A. Experimental 

A.l. Materials and Their Purification 

All gases were supplied by Matheson gas products. The CI 2 was 
purified by distillation from -130°C to -160°C as described in 
Chapter 2 Section A.l. NO was purified by distillation from -ISb^C 
to -196 “C and stored at room temperature. 

Befdre use, N 2 was slowly plassed through two H-tube traps 
maintained at -196®C, Chromatographic analysis of N 2 showed that less 
than 2.5 ppm of CH^ was present. There were no detectable levels of 
other hydrocarbon impurities. The O 2 was freed of hydrocarbon 
impurities by the following method: A mixture of approximately 

2 Torr Cl 2 > 20 mTorr NO and 750 Torr O 2 was photolyzed in a 5-liter 
Pyrex bulb with a medium-pressure mercury arc lamp (Hanovia 404101) . 
After irradiation the mixture was purified by distillation from -186°C 
to -196®C and stored. Chromatographic analysis of the purified 
oxygen indicated less than 0.8 ppm CH^ and less than 0.1 ppm C 2 Hg. 
There were no detectable levels of the heavier hydrocarbons. 

The quantitative analysis of the hydrocarbon impurities present 
in O 2 and N 2 was done using a gas chromatograph equipped with a 
flame ionization detector. A four— foot seven mm O.D. glass column 
packed with either 80/100 mesh Chromosorb 101 or 80/100 mesh 5A 
molecular sieves was used for the analysis. The column was kept at 
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room temperature. Helium was used as a carrier gas with a flow 

3 

rate of 72 cm /min. The retention times of methane and ethane, 
using the 80/100 mesh Chromosorb 101 column are approximately 
0.5 and 2.0 min respectively. The retention time using the 5A 
molecular sieve glass column is approximately 0.4 min for CH^. A 
schematic diagram of the flame ionization gas chromatograph is 
shown in Figure 20, 

A. 2. Vacuum Line 

The vacuum line was divided into four parts. Two parts of 
the line were for Cl^ and 0^/N2 purification. These parts were 
always isolated from the whole system when they were not in use. 

This was done because the CI 2 -O 2 -NO system was sensitive to 
residual surface as well as gaseous impurities. The other two 
parts of the vacuum line were for handling CI 2 and NO. Two separate 
silicone oil manometers were used to measure CI 2 and NO pressures. 

A 0-800 Torr Wallace and Tiernan vacuum gauge was added to the system 
to measure the absolute pressure of O 2 and N 2 . A diagram of the 
vacutun line is given in Figure 21. 

A. 3. Reaction Vessel and Photolysis Source 

3 

The reaction cell was a 200 cm cylindrical quartz cell, 10 cm 
long and 5 cm in diameter. It was enclosed in a Styrofoam box 
with an access for cold' N 2 gas to pass through. The temperature of 
the reaction cell was measured using an iron-cons tantan thermocouple 
as described in Chapter 2, Section A. 3. 
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Figure 20. Diagram of a Gas Chromatograph with Flame Ionization 
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Figure 21. Vacuum Line for the CI 2 -O 2 -NO System 
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The photolysis source was a high pressure Hanovia Hg arc 
lamp, 200 watts (type 202-1003). The 366 mn line was isolated 
by passing the photolysis beam through a Coming 'filter (CS 7-37) 
before entering the reaction cell. A diagram of the reaction 
vessel is given in Figure 22. 

A. 4. The Analysis System 

The chemiluminescence analysis system was similar to that 

3 

described by Stedman et al. (92). It consisted of a 100 cm 
cylindrical quartz cell with two inlets, one for the ozonized O 2 
and the other for the reactants. The 0^ and the sample inlet 
tubes were concentrically arranged for efficient .mixing. The 
ozonized O 2 was prepared by passing the stream of O 2 (''^130 cc/min) 
through a high voltage discharge. The reactant mixture was leaked 
out of the reaction cell through a capillary tube and to the 
chemiluminescence cell either continuously or intermittently. The 
capillary was placed right in the center of the reaction cell as 
shown in Figure 22. The diameter of the capillary tube was chosen 
such that the pressure drop in the reaction vessel was approximately 
1% per minute. The pressure in the chemiluminescence cell was kept 
between 1-3 Torr by continuously pumping with a Welch high velocity 
mechanical pump. 

The red emission due to the chemiluminescent reaction between 
0^ and NO was passed through a Corning cut off filter (CS 2-62) and 
was viewed with a photomultiplier (EMI 9785B) . The chemiluminescence 
cell and the photomultiplier were kept in the dark at room 
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Figure 22. Reaction Cell for the Cl2-02"N0 System 
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temperature. The photomultiplier was operated at a cathode to 
anode voltage of 1 KV. The photocurrent was amplified using a 
Kiethly electrometer 601 with a d.c. zero offset and displayed on 
a strip chart recorder. A schematic diagram of this system is 
shown in Figure 23. 

A. 5. Chemiluminescent Reaction 

The reaction between NO and 0^ has been extensively investigated 
by Stedman et al. (92), Clough and Thrush (93), Fontijn et al- (94), 
and Cljme et al. (95). It is knoxm that the reaction between NO 
and 0^ results in light emission. This chemiluminescence is due to 
the following reactions. 

NO + 0^ NO2* + 0^ 5a 

-> NO^ (electronic ground state) + 0 ^ 5b 

NO2* NO2 + hv (red) 30 

The relative intensity distribution of the emission spectrum (93) 
shows that no light is emitted below about 600 nm. The use of a 600 nm 
cut-off filter (CS 2-62) and the upper limit of our photomultiplier 
system (800 nm) limited our measurements to the region between 600 and 
750 nm. The emission intensity is linearly proportional to [NO] and 
103]. It is inversely proportional to the total pressure in the 
chemiluminescence cell (94). Since the stream of the ozonized oxygen 
and the pumping speed were kept constant, it was observed that the 
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Figure 23. Schematic Diagram of the Chemiluminescence Detection System 
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emission intensity was linearly proportional to [NO] throughout our 
experimental conditions. 

A. 6. Procedure 

Mixtures of CI 2 , O^, and NO with or without added N 2 were 
irradiated at 366 nm and 298°K. The photolysis leads to the removal 
of NO. The NO concentration was monitored continuously during the 
irradiation using the chemiluminescent reaction with 0^. The cell 
contents were bled into a chemiluminescence chamber through a sampling 
capillary tube attached to the reaction cell as shown in Figure 22. 

O 2 or N 2 served as a carrier gas. The reactant samples were then 
mixed with the ozonized oxygen. To obtain the absolute concentration 
of NO, the emission intensity of the chemiluminescent reaction was 
calibrated with known NO samples. 

A. 7. Actinometry 

The absorbed light intensity, I , was determined by photolysis 
of optically equivalent amounts of azomethane in the presence of NO. 

At 366 nm, azomethane photodlssociates to yield two methyl radicals 
(73,96) which in turn react with NO. The NO removal quantum yield 
for this system is 2.0. The NO concentration was monitored 
continuously using the chemiluminescent reaction with 0^. 

B. Results 

The photolysis of CI 2 in the presence of O 2 at 366 nm and 
298®K leads to the formation of ClOO radicals. The photolysis leads 
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to the removal of NO if there are small amounts present in the 
CI2-O2 mixture. Initially the rate of NO removal is rapid, but it 
decreases as the reaction proceeds. A typical profile is shown in 
Figure 24. 

Initial NO removal quantum yields, -$/{N0}, were evaluated from 

the initial slopes of the NO loss profiles. The initial rate of NO 

removal was corrected for the pressure drop in the reaction cell as 

well as for the electronic time constant of the measurement system. 

“2 ■ 

The pump out rate through the sampling capillary was 1.58 x 10 

min leading to a correction of less than 10% for the initial rate. 

The measurement time constant ranged between 3 and 6 sec leading to 

a typical correction of 10-15%. 

Experiments were done covering a wide range of experimental 

conditions: [CI2] from 1.44 to 5.33 Torr, [NO] from 3.8 to 38.1 

mTorr, [O2] from 222 to 642 Torr, [N2] from 278 to 609 Torr, and 
13 13 -3 ■ -1 

I from 0.65 X 10 to 6.06 x 10 cm sec . When NO is present 

Q. 

at more than 36 mTorr, the reaction with CI2 in the dark becomes 
significant. To avoid any complications due to the dark reaction 
between Cl„ and NO, the maximum NO used ’for the -®.{N0} deter- 
minations was limited to 31.9 mTorr. The results for I , [NO], 

[O2], and [N2] variations are presented ir. Tables 11, 12, 13, and 
14 respectively. The results are also shorn in Figures 25, 26, and 
27. It is apparent that the initial NO removal quantum yields are 
independent of I , [NO], and [0,]. The average value of -f.{N0} is 
0.11 + 0.02 at 298°K. However, if [O2] is reduced while the total 
pressure is maintained constant with added N2J -f^{N0} decreases. 



Figure 24. NO Concentration Profile vs. Irradiation Time 
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Table 11 

NO Removal Quantum Yield in the Photolysis 
of Clo“0„-N0 Mixtures at .Various I Values 

Cm 2a 3 . ' 


[C12], 

Torr 

[NO], 

mTorr 

[O^], 

Torr 

io-« I, 
-3 -1 

cm sec 


1.44 

19.8 

564 

0.65 

0.13 

1.98 

10.5 

564 

0.90 

0.10 

2.82 

11.1 

567 

1.28 

0.13 

3.54 

9.1 

562 

1.60 

0.12 

4.74 

10.4 

593 

2.14 

0.12 

2.52 

7.3 

585 

3.50 

0.13 

3.50 

13.2 

541 

4.87 

0.13 

3.61 

10.4 

584 

5.02 

0.14 

4.02 

9.4 

554 

5.59 

0.12 


4.36 


9.7 


584 


6.06 


0.10 
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Table 12 

NO Removal Quantum Yield in the Photolysis 
of CI 2 -O 2 -NO Mixtures at Various NO Pressures 


[Cl2], 

[NO], 

[O 2 ], 

10 

~#j^{NO} 

Torr 

mTorr 

Torr 

cm“^sec“^ 



a) Experiments Done at Low I 

3 


3.11 

5.4 

561 

1.41 

0.13 

3.85 

6.3 

555 

1,45 

0.10 

3.54 

9.1 

562 

1.60 

0.12 

2.37 

25.1 

567 

1.07 

0.12 

2.50 

25.4 

642 

1.11 

0.11 


b) Experiments Done 

at High 


3.07 

3.8 

566 

4.27 

0.12 

2.46 

5.6 

579 

3.42 

0.11 

2.94 

6,2 

586 

4.08 

0.12 

3.70 

6.9 

530 

5.15 

0.11 

2.50 

9.7 

581 

3.52 

0.11 

2.45 

10.8 

545 

3.41 

0.11 

2.78 

11.1 

588 

3.87 

0.11 

2.37 

16.9 

564 

3.29 

0.10 

2.68 

18.0 

559 

3.73 

0.08 

2.53 

18.6 

583 

3.52 

0.08 

2.84 

19.3 

548 

3.95 

0.11 

2.92 

20.2 

538 

4.05 

0.09 

2.10 

28.2 

507 

2.92 

0.10 

2.14 

29.1 

591 

2.97 

0.09 

2.49 

31.9 

585 

3.46 

0.11 




106 


Table 13 

NO Removal Quantum Yield in the Photolysis 
of Cl2-02"N0 Mixtures at Various O 2 Pressures 


[C 12 ], 

Torr 

[NO], 

mTorr 

[O 2 I, 

Torr 

10 la 

-3 -1 

cm sec 

-$^{no> 

3.85 

25.2 

222 

1.46 

0.10 

3.97 

26.4 

240 

1.78 

0.13 

4.28 

13.6 

273 

1.94 

0.10 

4-08 

38.1 

287 

1.85 

0.12 

■ 4.16 

12.3 

316 

1.88 

0.11 


5.33 


13.5 


422 


2.41 


0.13 




Table 14 


NO Removal Quantum Yield in the Photolysis 



of CI 2 -NO 

Mixtures 

at Various O 2 

and N 2 

Pressures 



[CI2], 

[NO], 

[O 2 ], 

[N 2 ] , 

-13 

10 la, 

0 T 

-^>^{no} 


Torr 

mTorr 

Torr 

Torr 

— J —1 

cm sec 


CO 

3.35 

18.6 

— 

609 

1.51 

0.015 

00^ 

1.05 

18.6 

— 

525 

1.46 

0.033 

7.06- 

3.66 

16.0 

72.8 

514 

1.66 

0.043 

6.52^ 

4.15 

16.2 

72.2 

471 

1.87 

0.066 

4.97^ 

4.05 

16.4 

88.3 

439 

1.83 

0.071 

4.02 - 

3.73 

19.5 

■ 117.0 

470 

1,69 

' 0.059 

3.36® 

1.52 

23.3 

125.3 

421 

2.12 

0.079 

3.36 

-1.59 

24.5 

126.9 

426 

2.21 

0.068 

2.00 

3.42 

16.9 

218.0 

437 

1.55 

0.071 

1.85 

4.16 

25.2 

250.0 

462 

1.88 

0.065 

0.98 

2.22 

24.4 

282.8 

278 

3.08 

0.077 


^These data were obtained in a later set of measurements and -$^{N0} values are 
systematically somewhat higher. 
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This effect is shown in Table 14. Note that the limiting value of 
-$^{N0) with no ©2 present is small but not zero. Table 14 also 
shows that -#^{N0} is reduced if the total pressure is increased 
while maintaining a constant 0^ pressure. 

C. Discussion 

On the basis of the experimental results, the following 
mechanism for the photolysis of chlorine in the presence of O 2 and 
small amounts of NO at 298 “K is proposed. 


CI 2 + hV (366 nm) 2C1 Rate = 

Cl + O 2 + M t ClOO + M 31, -31 

ClOO + NO CIO + NO 2 20a 

CINO + O 2 ■ 20b 

CIO + NO NO 2 + Cl -16 

Cl + NO + M CINO + M 32 

Cl + CINO -»• CI 2 + NO 33 


Reactions 31, -31, 16, 32, and 33 are well known, having been 
reported previously by Watson (41) and Hampson and Garvin (97) . 
Reaction 20a is proposed to account for the observed NO removal, and 
reaction 20b is a possibility which must be considered. An analysis 
of the above mechanism leads to the following steady state expression 
for the radicals in the system. 


XXIII 
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[CIO] 




ss 


ss 


^16 


XXIV 


[Cl] 


ss 


hi -31^20b^°2^ k32[N0][M] 


XXV 


The initial NO removal quantvim yield under steady state conditions 
is expressed in equation XXVI. 


-^>.{N0} = - 

1 ix, 


^^31.-3Aoa^^2^ 
31,-31^20b^°2^ ^^32^^^ 


XXVI 


where [M] =i [O^J + [N 2 ] , and is the equilibrium constant for 

reaction 31. 

In deriving equation XXVI, Cl, ClOO, CIO, and CINO were assumed 
to be in their steady states. The Cl, ClOO, and CIO radicals reach 
their steady state values almost instantaneously. The lifetime of 
CINO can be calculated from equation XXVII. 


Tcino " 

From equation XXV, the steady state value of Cl atoms is inversely 
proportional to [NO] . To calculate the longest possible lifetime 
of CINO, the highest NO value was used. The result shows that the 
lifetime of CINO can be as long as 2 sec. The minimum time interval 
over which the initial rates were measured was at least 30 sec, thus 
the assumption of the steady state for CINO is a good approximation. 

Equation XXVI predicts that -$^{N0} should be independent of 
^a’ when [M] = [O 2 ]. Due to the addition of N 2 , the 

value of -$^{no} should decrease as [M] increases. These predictions 
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■are completely consistent with the observed data (see Figures 25, 26, 
and 27). Equation XXVI also predicts that the value of -§^{N0} 
should approach zero as [O 2 ] approaches zero. Although the 
in the absence of is low, it is not zero. As shown in Table 14, 
-$^{N0} ranges from 0.015 to 0,033. The residual NO removal process 
may be attributed to hydrocarbon impurities in the N 2 and the small 
amount of O 2 present in the N 2 . The mechanism for this residual NO 
removal process is as follows: 


Cl + RH HCl +■ R 

34 

R + O 2 RO 2 

35 

RO 2 + NO RO + NO 2 

36 

RO + NO ->• RONO 

37 

Cl + NO + M CINO + M 

32 

Cl + CINO CI 2 + NO 

33 


The expression for the residual NO removal quantiim yield -^^{NO} is: 


4k,, [BH] 

-# {no} — 

k3^[EH] + 2k32[NO][M] 


XXVIII 


-13 3 -1 

If RH is CH^, then at 300 "K k 3 ^ is 1.1 x 10 cm sec and k 32 is 
“3X 6 

1.1 X 10 cm sec as reported by Hampson and Garvin (97). This 
reaction sequence could account for -*I>q{N 0 } = 0.11 when CH^ present 
in the N 2 is 2.5 ppm. This is the level of CH^ detected in the 
chromatographic analysis of N 2 . This problem does not occur when 03 
is used in place of N 2 since the 03 was made free of alt hydrocarbons 
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as described in Section A.l. Equation XXVIII predicts that 
is [NO] dependent because the hydrocarbons are competing with NO 
for Cl atoms. However in the absence of hydrocarbon Impurities, that 
is when the O 2 was used in place of the N^, the NO removal quantum 
yield would be independent of [NO] as predicted by equation XXVI. 

When N 2 was used as a carrier gas, the measured quantum yields were 
corrected by subtracting the residual quantum yield, -#q{N 0} as in 
equation XXIX. 

-$JN0} = [-$^{N0}] - [-#q{N0>] XXIX 

An alternative possibility for consuming NO in this system is 
the sequence: 


Cl + ClOO -S- CI 2 + O 2 

38a 

-> 2C10 

38b 

CIO + NO ^ NO 2 + Cl 

16 

Cl + NO + M CINO + M 

32 

Cl + CINO -J- CI 2 + NO 

33 


This mechanism assumes that all ClOO radicals react with Cl atoms 
through reaction 38. and reaction 16 is the only reaction responsible 


for NO comsumption. If reactions 38a and 38b were important under 



recombining in reaction 38. The NO removal quantum yield would also 


depend on [NO] because the ClOO radicals were competing with NO for 
Cl. atoms. These predictions are contrary to the observations. The 
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rate of SO consumption due to reaction 16 alone can be calculated 
from equation XXX. 

10 O 1 *-.^0 fy —1 

where ^ 10 sec (97), = 5*6 x 10 cm sec 

OOO 3± 

(41), and = 1.14 x lO"^^ or 1.15 x 10“^^ cm^sec"^ (41). The 

results show that the rate of NO consumption due to reaction 16, 
alone is 50-100 times slower than the observed rate. 

The competition between reaction 33 and the photodissociation 
of CINO as in reaction 39 was also considered. 


CINO + hV (366 nm) -v Cl + NO 39 

The ratio of thd photodissociation rate and the rate of reaction 33 
is given in equation XXXI. 



a*I •£, 
k33[Cl] 


XXXI 


where the absorption cross section for CINO at 366 nm, ff - 4 x 10 

3 

cm (41), the photolysis path, Z, = 10 cm, and k^^ = (3-0 + 0.5) x 
—11 3 —1 

10 cm sec at 298°K (41). The result shows that the photolysis 
rate of CINO is at least three orders of magnitude less than the rate 
of CINO with Cl atoms. Equation XXVI may be rearranged to: 
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^32^^SoaSl,-31 intercept of + k22/^^20a^31,-31‘ 

Figure 28 shows that the plot is reasonably linear and gives 

^20b'^^20a == 11-0 ± 2.1 and ^32/^20aSl,-31 = 7.2 + 1.6. In 
evaluating ^20b^^20a bave implicitly assumed that for reaction 32, 
the efficiency of 0^ and N 2 are equal as third bodies. It was found 

•— £ _-T 

that = (1. 5 + 0. 6) x 10 cm sec and ^20b^31 -31 ~ 

(1.6 +1.0) X 10 cm^sec ^ at 298°K, using k ^2 = (1.1 + 0.2) x 10 ^ 
cm^sec ^ (M = N 2 ) (97) . 

The total third order rate coefficient for the combination of 
Cl and NO with O 2 as the third body can be obtained by considering 
two mechanisms. In the first mechanism, the termolecular process 
may be divided into two steps; the combination of Cl and NO and 
the subsequent stabilization by a third body, O 2 . The presence of 
the third body provides a means to remove the energy released and 
stabilize the molecule formed from the combination of Cl and NO, 

Cl + NO CINO* 

CINO* + M -t CINO + M 

Cl + NO + M ^ CINO + M 32 

where M = O 2 . 

In the second mechanism, the net reaction 32 occurs via the 
ClOO intermediate as the following:- 



Figure 28. Plot of vs. [Np]/[0«]. The point at 

[N 2 ]/[ 02 ] =^0 is the average -$^{N0} of all the runs in 
the absence of N? . 
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Cl + 0^ + M -> CIOO + M 
ClOO + NO -> CINO + 0^ 
Cl + NO + M -J- CINO + M 


31, -31 
20b 
32 


where M = O 2 . The third, order rate coefficient for the second 

“3X 6 ”1 

mechanism, , is (1.6 +1.0) x 10 cm sec from our 

^vJd j 

results. The total third order rate coefficient for the combination 
of Cl and NO with 0^ as a third body is the sum of k ^2 fi^om the 

— fi —1 

first mechanism and k 2 Q^K^^ which is (2.7 + 1.0) x 10 cm sec 

—31 

The value of k ^2 used for this calculation is (1.1 + 0.2) x 10 
cm^sec ^ for M = N 2 (97) , assuming the efficiency of O 2 and N 2 are 
the same. The value of the total third order rate coefficient is 
a factor of 2.1 larger than the value (1.3 + 0.3) x 10~^^ crn^sec"^ 
determined by Clark et al. (98), using a low pressure flow discharge 
system. However, within the stated error limits the two values 
nearly overlap. 

The ratio of [CINO] [NO] was calculated from equation XXXIII. 


[ClNOlgs ^20bSl,-31*-‘^2^ ^32 

~[N0] = k^^ - XXXIII 

Using the values of = 1.6 x 10“^^ cm^sec"^, k^^ = 3 x lO"^' 

cm^sec ^ (41), and k ^2 = 1.1 x 10“^^ cm^sec"^ (97), the ratio of 
lClNO]gg/[NO] was calculated to be 0.15, Since’ the lifetime of CINO 
is approximately 2 sec, the NO profile should have a rapid drop by 
15A of the initial [NO] within 2 sec. This is because NO is tied up 
in CINO due to reaction 32 for approximately 2 sec before CINO reacts 
further with Cl atoms to regenerate NO as in reaction 33. This drop 
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Is not observed in the NO profiles (see Figure 24). The 15% drop in 
NO may he too, small for us to have detected, or else the reported 
value for error by about a factor of two. 

Figure 24 shows that the reaction rate decreases as the reaction 
proceeds. Presumably this inhibition is due to the reaction of NO^ 
produced in reaction 20a with Cl atoms by way of the known reaction 


Cl + NO 2 + M CIONO + M 


22a 


-s- CINO^ + M 


22b 


“31 6 

which has a third order rate coefficient of 7:2 x 10 cm sec 
reported by Watson (41) . Analysis of the fall in the rate indicates 
that under our conditions, reaction 22 is too slow to influence the 
initial rate measurements. 


D. Atmospheric Implications 

In order to approximate the importance, of reactions 20a and 20b 
in the stratosphere,, the rates of reactions 20a and 20b were compared 
with the rates of reactions 10 and 21 in the 15 km region where the 
maximum effect is expected. 

Cl + 0^ CIO + O 2 10 

HO 2 + NO -5- HO + NO 2 21 

The ratios of the reaction rates are expressed in equations XXXIV and 


XXXV. 
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[Cl] ^ ^17 
[CIO] 


XXXVI 


7 

The other pertinent concentrations were taken to be [HO 2 ] = 2 x 10 
cm [NO] = 2 X 10^ cm ^ and [0^] = 1 x 10^^ cm 

The results show that at 15 km reactions 10 and 21 are about 400 
and 100 times more important than reaction 20a. Reaction 20b is about 
11 times more important than 20a, but under stratospheric conditions, 
the product ClNO is rapidly photodissociated to regenerate Cl and NO 
as in reaction 39. Therefore, it is concluded that reaction 20a and 
20b are probably not important in the earth’s atmosphere. 
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Chapter 4 

THE Cl2-N02“M SYSTEM: THE MECHMISM OF THE Gl-NO^-M REACTION 

AND THE KINETIC STUDY OF CHEMILUMINESCENCE IN THE Cl^NO^^O^ REACTION 


A. Experimental 

A.l. Materials and Their Purification 

The NO 2 and CI 2 were obtained from Matheson Gas Products. CI 2 

was purified by the distillation method described in Chapter 2 Section 
A.l. NO 2 was purified by the method described by Stockburger dt al- 
(100). Fifty to one hundred Torr of NO 2 with 600 Torr of O 2 was 
repeatedly frozen at -196®C and then warmed to room temperature until 
the blue color of N 2 O 2 disappeared. The mixfure was then hondensed 
in a trap ih -196 “C, and the O 2 pumped out. Since the concentration 
of NO 2 needed in our experiment was on the order of 50 mTorr, only 
a few Torr of purified NO 2 diluted with 500-600 Torr of O 2 and N 2 
was used. This dilute NO 2 mixture enabled us to measure the pressure 
accurately. The dilute NO 2 mixture was kept in the dark at room 
temperature. 

Chlorine nitrite, CIONO, was prepared in the reaction cell by 
mixing CI 2 O with CINO at low temperature as reported by Molina dnd 
Molina (49) . 

Chlorine monoxide, CI 2 O, was prepared from a procedure by 
Schack and Lindahl (101) . Freshly baked HgO (yellow form) was added 
into a U-shaped Pyrex tube packed with glass beads. The beads served 
to increase the reaction surface. Excess CI 2 was condensed into this 
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U-tube and allowed to react overnight at ”78°C. The product was 
separated from unreacted CI2 by distillation from -117“G to -196°C. 

The CI2O, a red solid, remained in the -117“C trap. Its gas phase 
UV spectrum taken on a Cary 14 spectrophotometer whs in agreement 
with the CI2O spectrum reported by Lin (70). 

The purity of the CI2O was determined by the following procedure. 
The CI2O was photolyzed at 366 nm using a medium pires^ure Hg lamp 
(Hanovia 404101) . 

2CI2O + hv 2CI2 + O2 

After photolysis, the UV spectrum of the only condensable product, 

Cl2> was obtained. The concentration Of the CI2 produced was 
calculated using the known absorption ctoss' section at 400 nm. It 
was found that the CI2 concentration was 1.77% more than the 
stoichiometric ratio. Hence, the purity of CI2O was 98.23%, the 
main Impurity being CI2. 

ClNO was prepared by mixing CI2 with an excess of NO. The 
mixture was allowed to react in the dark for approximately two hours. 
The product was purified by distillation from -78"C to -117°C. CIKO, 
an orange solid, was collected at -117 “C. Its gas phase infrared 
spectrum was obtained using a Beckman IH. spectrophotometer. The 
product was identified as CINO by comparing this absorption spectrum 
with the known spectrum (102) . 

N2 and O2 were purified by the method described in Chapter 3 


Section A.l. 
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A. 2. Vacuum Line 

The mercury-free vacuum line described in Chapter 3 Section A. 2 
was used, with the addition of a section for GI 2 O preparation. 

A. 3. Reaction Vessel and Photolysis Source 

The arrangements of the reaction vessel and the photolysis source 

are essentially the same as described previously in Chapter 3 

Section A. 3. A capillary tube was used which gave an evacuated 

■ -4 -1 

leak rate of (4.3 + 0.3) x 10 sec . The total pressure drop in 
the reaction cell was approximately 2.6% per minute. 

A. 4. The Analysis System 

The analysis system is the same as described in Chapter 3 
Section A. 4. 


A. 5. Procedure 

In the reaction cell, mixtures of CI 2 and NO 2 were irradiated at 
366 ran. N 2 or O 2 was added to serve as a carrier gas. The experi- 
mental procedure was essentially the same as that used to determine 
NO by the chemiluminescent reaction with 0^ described in Chapter 3 
Section A. 6. Through a sampling capillary tube attached to the 
reaction cell, the cell contents could be leaked into a chemilum- 
inescence chamber where they were mixed with ozonized oxygen. The 
resulting chemiluminescence was viewed with a photomultiplier 
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(EMI 9785B) through a Coming filter (CS 2-62). In one experiment a 
Coming fi l ter (CS 2-64) was also used. The results were identical. 

The chemiluminescence intensity was monitored continuously 
during irradiation and also after the radiation was terminated. 

A. 6. Actinometry 

The absorbed light intensity, I , was determined by photolysis of 
optically equivalent amounts of NO 2 in the presence of l!? 2 * NO is 
known to be a product of the photolysis as reported by Jones and 
Bayes (103) . The NO produced was determined by the chemiluminescent 
reaction with O^- The overall NO fomation quantum yield for this 
system is 2.0. 

B. Results 

Mixtures of CI 2 and NO 2 using N 2 or O 2 as a carrier gas were 
photolyzed at 366 nm in the reaction cell. Chemiluminescence was 
observed when the photolysis mixture was leaked into the chemilum- 
inescence chamber and mixed with ozonized oxygen. A typical emission 
profile is shown in Figure 29. The initial emission intensity grows 
rapidly and soon reaches a steady state value. If the radiation is 
terminated, the emission intensity decays exponentially. If the 
radiation is not terminated, the emission intensity eventually declines 
as the NO 2 is consumed. 

The chemiluminescence is observed only when the photolysis is 
performed in the presence of both CI 2 and NO 2 , and only when the 
ozonizer is on. The results were independent of the carrier gas 



Chemeluminescent intensity, orbitary units 



Figure 29. Light Emission Profile During and After Irradiation 
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used. From the knovm values of the absorption cross sections for 
CI 2 and NO 2 (42,97) j chlorine was always present at concentrations 
three to ten times more than that required to compete with the NO 2 
photolysis. Therefore, the contribution to the total - emission 
signal from the formation of NO due to NO 2 photolysis was negligible. 

Values of [CI 2 ], [NO 2 ], [M] , and were varied over a wide 

range at each temperature. The results of the kinetic study are 

presented in Tables 15, 16, and 17 for I , [N0_], and [M] variation 

3. £* 

at 273‘*K respectively. The results of the kinetic study at 238 
and 219 °K are presented in Tables 18 and 19 respectively. Emission 
could also be observed at 296°K, but the Intensity was too low 
for any meaningful kinetic study. 

The initial rates of the chemiluminescent emission were obtained 
from the Initial slope of the emission profile. They were corrected 
for the electronic time constant of the measurement system which 
was 0.73 sec. This leads to a typical correction of 20-30%. Since 
the initial rates were obtained within approximately fifteen seconds 
of the irradiation, the correction due to the evacuation rate is 
negligible. 

Since the absolute calibration for the emission intensity could 
not be obtained, the relative values are reported. Relative initial 
emission quantum yields for all temperatures {l}, were obtained by 
normalizing to a value of 2.0 when NO 2 approached infinity. The 
reason for this normalization will be discussed in a later section. 

^a varied by changing the CI 2 pressure and also by using 
more than one filter to cut down the photolysis light intensity. The 



Table 15 


The Effect of Variation on and k ^2 

273 + 2°K in the Photolysis of CI 2 -NO 2 -M Mixtures 


[N 02 ], 

mTorr 

[CI 2 ], 

Torr 

[O 2 ], 

Torr 

[N2],^ 
Torr . 

-13 

10 

-3 -1 

cm sec 


3.0^ 

sec“l 

69.7 

1.05 

— 

543.0 

0.53^ 

0.44 

— 

67.3 

3.84 

603.2 

— 

2.09^^ 

0.44 

2.45 

59.1 

4.14 

583.6 

— 

2.25^ 

0.51 

3.22 

67.0 

1.05 

— 

543.0 

2.92 

0.44 

, 3.29 

54.5 

8.52 

470.0 

— 

4.63^ 

0.38 

2.92 

58.5 

2.22 

586.9 

— 

6.17 

0.48 

.3.22 

68.0 

2.61 

574.6 

— 

7.26 

0.50 

3.77 

57.0 

3.42 

— 

539.2 

9.51 

0.42 

4.25 

63.7 

3.77 

328.6 

280.0 

10.5 

0.59 

3.16 

57.8 

3.89 

144.2 

428.0 

10.8 

0.52 

3.88 

66.0 

3.97 

553.1 

— 

11.0 

■ 0.64 

3.43 

61.1 

4.05 

— 

543.6 

11.3 

0.58 

2.83 

55.8 

4.32 

587.1 

— 

12.0 

0.54 

3.65 

59.2 

4.78 

579.3 

— 

13.3 

0.54 

4.00 

60.4 

6.96 

585.9 

— 

19.4 

0.52 

3.38 

59.1 

7.39 

586.6 

— 

20.5 

0.50 

2.24 

61.1 

7.97 

584.8 

— 

22,2 

0.55 

3.76 
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Table 15. (continued) 


The amounts of O 2 present in the reaction ranged from 0-5 Torr because NO 2 
was stored in O 2 . 

Id 

Two Coming CS 7-37 filters (rather than one) were used to isolate 366 nm 
photolysis beam. 
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Table 16 


The Effect of [NO] Variation on {l} and k ^2 
at 273 + 2°K in the Photolysis of CI 2 -NO 2 -M Mixtures 


[NO^], 

mTorr 

tcij], 

Torr 

[O^], 

Torr 

Torr 

-13 

. 10 I 3 , 

-3 -1 

cm sec 


10 ' 

sec“^ 

32.6 

1.67 

— 

537.7 

4.67 

0.28 

2.94 

32.6 

2.26 

— 

537.1 

6.28 

0.28 

3.03 

33.1 

2.29 

— 

542.1 

6.37 

0.30 

2.42 

43.7 

2.73 

— 

543.0 

7.58 

0,36 

3.96 

47.3 

4.05 

495.4 

— 

11.3 

0.42 

2.44 

48.2 

3.28 

— 

535.8 

9.12 

0.36 

4.03 

50.4 

1.91 

— 

536.6 

5.30 

0.39 

2.98 

52.6 

4.24 

547,6 

— 

11.8 

0.47 

2.40 

55.9 

4.32 

587.1 

— 

12.0 

0.54 

3.65 

61.1 

• 4.05 

— 

543.6 

11.3 

0.58 

2.83 

65.9 

3.97 

553.1 

— 

11.0 

0.64 

3.43 

69.3 

4.40 

— 

539.3 

12.2 

0,50 

4.59 

70.5 

4.12 

— 

,432.4 

11.5 

0.58 

3.89 

81.5 

3.73 

549.4 

— 

10.4 

0.71 

4.63 

99.2 

3,89 

527.3 

— 

10.8 

0.89 

2.69 

101.8 

4.01 

583.9 

— 

11.1 

0.90 

3.80 
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Table 16. (continued) 


[N 02 ], 

mTorr 

[CI 2 ], 

Torr 

[O 2 ], 

Torr 

[N2],^ 

Torr 

-13 

10 

“3 _i 
cm sec 


10^ 
sec 1 

106.0 

4.40 

— 

533.6 

2.29^ 

0.80 

3.96 

120.0 

3.70 

566.8 

— 

10.3 

0.75 

3.69 

122.3 

2.37 

— 

535.3 

' 6.59 

1.03 

3.29 

140.6 

3.97 

464.4 

— 

11.0 

1.00 

. 

152.9 

4.40 

— 

537.7 

.12.2 

0.83 

4.63 

159.0 

2.41 

— 

536.6 

6.70 

0.96 

3.37 

^ * 

The amounts of 0„ present in 

the reaction ranged from 0- 

-5 Torr because 

N0_ was 

stored in O 2 . 





z 

^Two Coming CS 7-37 

filters 

(rather than one) 

were used 

to isolate the 

366 nm 


photolysis beam. 
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Table 17 


The Effect of [M] Variation in {l} and k ^2 
at 273 + 2°K in the Photolysis of CI 2 -NO 2 -M Mixtures 


[N 02 ] , 
mTorr 

[GI 2 ] , 
Torr 

[O 2 ], 

Torr 

Torr 

10 

-3 -1 

cm sec 


10" 

sec“^ 

75.4 

1.48 

— 

297.1 

4.11 

0.54 

2.98 

77.5 

1.67 

— 

329.9 

4.64 

0.52 

2.97 

73.4 

1.37 

— 

547.2 

3.81 

0.55 

3.53 

61.1 

4.05 

— 

543.6 

11.3 

0.58 

2.83 

57.8 

3.89 

144.2 

428.0 

10.8 

0.52 

3.88 

72.4 

3.89 

147.4 

420.0 

10.8 

0.57 

3.17 

63.7 

3.77 

328.6 

280.0 

10.5 

0.59 

3.16 

59.2 

4.78 

579.3 

— 

13.3 

0.54 

4.00 

59.1 

4.14 

583.6 • 

— 

2.25^ 

0.51 

3.22 


The amounts of present in the reaction mixtures ranged from 0-5 Torr because 
NO 2 was stored in O 2 . 

^Two Corning CS 7-37 filters (rather than one) were used to isolate the 366 nm 
photolysis beam. 
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Table 18 


Photolysis of Cl^-NO^-M Mixtures at 238 + 1“K 


[N02], 

mTorr 

IGI2], 

Torr 

[N 2 h" 

Torr 

-13 

10 la, 

-3 -1 

cm sec 

1 

^42’ 

sec 

30.6 

1.98 

525.0 

3.35 

1.77 

7.47 

46.6 

3.93 

525.5 

6.65 

1. 81 

7.60 

49.2 

4.47 

534.6 

7.55 

1.69 

9.27 

55.9 

3.77 

537.5 

6.37 

2.06 

7.60 

101.9 

2.72 

523.3 

4.60 

1.85 

9.33 

142.3 

5.76 

519.0 

0.27^ 

1.93 

9.09 

326.4 

6.15 

524.3 

0.29^ 

1.95 

11.8 

389.1 

16.7 

480.0 

0.79'’ 

1.95 

8.85 

532.8 

6.11 

518.5 

0.29^ 

1.85 

7.08 

567.8 

16.8 

470.0 

0.79^ 

1.55 

9.33 


3 

The amounts of O 2 present in the reaction mixtures ranged from 0-5 Torr because 
NO 2 was stored in O 2 . 

Three Corning CS 7-37 filters (rather than one) were used. 
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Table 19 




Photolysis of 

Gl 2 -N 02 ~M Mixtures 

at 219 + 1“K 


Eno^]. 

mTorr 

[Cl^]. 

Torr 

9 

EN 2 ]," 

Torr 

-13 

10 I- , 

-3 -1 

cm sec 

1 

10 ^ k^2, 

‘ sec“^ 

49.2 

3.81 


518.3 

3.14 

2.28 

5.76 

52.4 

3.93 


524.0 

3.24 

2.37 

6.23 

55.3 

3.54 


522.8 

2.92 

, 1.98 

5.03 

56.0 

3.77 


529.8 

3.11 

2.12 

6.31 

81.9 

2.14 


524.5 

1.76 

1.89 

— 

96.1 

1.83 


513.6 

1.51 

2.37 

6.15 

^The 

NO 2 

amounts of O 2 
was stored in 

present 

in the 

reaction mixtures 

ranged from 0-5, Torr 

because 
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effect of varying [N 02 l» and total pressure, [M] , on 

is shown in Figures 30, 31, and 32. It is apparent that 

is independent of I and total pressure, [M] . However, at 27 3 "K 
3T6l 

{l} increases with increasing [NO^] but is independent of [NO^] 
at lower temperatures. 

Figure 29 shows that the intensity of the chemiluminescent 
emission decays when the radiation is terminated. Typical first 
order plots of the dark decay are shown in Figure 33. The plots 
are linear indicating that the dark decay of the chemiluminescent 
reaction follows first order kinetics. Prestamably the decay is due 
to the reaction between the intermediate formed during the photolysis 
and the surface of the reaction vessel. 


Intermediate 


> Products 


42 


Values of the first order decay, k^ 2 » were obtained from the slope 
of the plots. They were corrected by subtracting off the evacuation 
rate. This leads to a correction of less than 10%. Since the dark 
decay is slow in comparison with the electronic time constant of the 
measurement system, the correction is insignificant. The corrected 
values of k ^2 ^re also tabulated in Tables 15-19. The average values 
of k ^2 each temperature are given in Table 20. An Arrhenius plot 
of k ^2 shown in Figure 34. The Arrhenius expression for k ^2 

k ^2 =46.1 exp [-(2000 + 300) /T] sec"^ 

The low values of the preexponential factor and the low activation 
energy in k ^2 suggest that the decay of the species responsible for 











{l} 



Figure 32. Plot of {l} vs. [M] in the Photolysis of CI 2 -NO 2 -M Mixtures at 

273 + 2“K. X, values where M = N 2 ; ®, values where M = O 2 ; ©, values 
where M = N 2 + O 2 . 
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Figure 33. First Order Plots for the Dark Decay of the 
Chemilumines cence 
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Table 20 

Summary of the Average Values of the 
Rate Coefficient for Reaction 42 


sec ^ T, “K 

(3.4 +0.6) X 10"^ 273 
(8.74 + 1.38) X lO"^ 239 
(5.90 + 5.3) X 10' 


219 
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Figure 34. Arrhenius Plot of V:^2 Photolysis of 

CI 2 -NO 2 -M Mixtures 
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the chemiluminescence is probably heterogeneous. Further evidence 
that the surface can influence the chemiluminescence Intensity comes 
from attempts to prepare CIONO in the reaction cell. This will be 
discussed later in the Discussion section. 

C. Discussion 


C.l. Chemiluminescent Kinetics 

All of the observations can be explained by assuming the 
formation of an unstable compound when CI2 is photolyzed in the 
presence of NO^. In the chemiluminescence chamber the intermediate 
reacts with 0^ to produce the observed chemiluminescence. The 
proposed mechanism of the photolysis is the following: 

CI2 + hv (366 nm) 2C1 


Cl + NO2 + M CIONO + M 

22a 

CINO2 + M 

22b 

CIONO + NO2 + M ^ 

40 

CIONO > CINO2 

41 

N20^C1 — CINO2 + NO2 

42 

the chemiluminescence chamber. 

N2O4CI reacts with O^ to produce 


the observed red emission. 


N20^C1 + 0^ Products + hV (red) 


43 
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The reaction between Cl atoms and NO 2 is well known. Clyne 

and White (63) using a discharge flow system, have obtained a rate 

coefficient of 7.2 x 10 cm^sec ^ (M = N 2 J at 298°K) at low 

pressure. Giavas et al. (104) using a competitive steady state 

—31 6 *"1 

photolysis experiment, have found a value of -2‘.5 x 10 cm sec 
at 294°K and at pressure about 1 atm N 2 . It is commonly assumed 
that the product of this reaction is nitryl chloride, CINO 2 (63,64). 
Niki et al. (65) using a Fourier transform spectrometer method have 
shown that CINO 2 and CIONO are the products of the photolysis 
mixtures. The principle product (^80%) is chlorine nitrite, CIONO, 
even though the formation of the CIONO isomer is less thermo- 
dynamically favored than CINO 2 formation. 

In order to account for the kinetic observation, at least a 
significant part of the time the product of reaction 22 is assumed 
to be CIONO. The formation of the intermediate responsible for 
the chemiltiminescent reaction with 0^ is proposed to be by 
reaction 40', because the relative emission quantum yield is [NO 2 ] 
dependent at 273°K. The intermediate N20^C1 will be referred to as 
I in the future. 

Since is [NO 2 ] dependent, it is necessary to have the 

competing reaction 41 for CIONO removal which is known to isomerize 
readily via a heterogeneous process to CINO 2 , (65,105). The dark 
decay of the chemiluminescence with a very low preexponential factor 
and a low activation energy requires the introduction of reaction 42. 
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The products of reaction 42 are very reasonable because of the 
proposed stoichiometry of reaction 22. 

During the initial stage of photolysis in which reaction 42 
is negligible, the proposed mechanism leads to the following 
steady state kinetic expression 


$.{ 1 } 


^41 + 5^40 


Equation XXXI can be rearranged to yield 


XXXVII 




^ ^^22a ^^40^22a*-^°2^^^^ 


XXXVIII 


.Equation XXXVIII predicts that a plot of [#.{l}] ^ or [#5^^{l}] ^ 
- 2 . 

vs [NO 2 ] should be linear with slope/intercept = k^^/k^Q[M]. Because 
the emission sensitivity for the reaction of N^O^Cl with 0^ is not 
known, absolute values of $^{l} cannot be obtained. The relative 
quantum yields were normalized to the maximum possible value of 
^^22a^^22 ~ when [NO 2 ] “as predicted by equation XXXVIII. In 
Figure 35, values of ^ are plotted vs [NO 2 ] ^ for three 

different temperatures. The lines are drawn with an intercept of 


^22^^^22a ~ 

At 273°K and low [NO 2 ], the plot deviates slightly from that 
predicted by equation XXXVIII. However, the deviation is not 
sufficiently large to invalidate equation XXXVIII since the data at 
low INO 2 ] is the least accurate. Nevertheless, it is possible that 
the proposed mechanism is not complete or possibly CIONO is not 




Figure 35. Plot of ^ vs. [NO^] 
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completely in the steady state at low [NO^]. At 239°K and 219°K the 
plot is of zero slope and of intercept 0.50. This result is 
consistent with the mechanism if « k^Q[N02][M] at 239 and 219°K 

t t 

which is very reasonable and expected since CIONO isomerization to 
( 

CINO^ has a significant activation energy (49,105). From the ratio 

15 “3 

of slope to intercept at 273 °K, = (6.2 ± 0.9) x 10 cm 

is obtained. Since reaction 41 must be slower than diffusion 

controlled to account for the lack of pressure dependence, k^^ must 

“X "”X6 3 “X 

be less than 0.6 sec . Thus k, « is less than 1 x 10 cm'^sec 

40 

An alternative mechanism which is kinetically indistinguishable 
from the proposed mechanism is 


NO 2 + NO 2 ^ N20^ 

44,-44 

N„0, + Cl N„0,C1 
2 4 2 4 

45 

Cl + NO 2 + M ^ CIONO + M 

22a 

CINO 2 + M 

22b 


Using the literature values of k 22 and (97) the relative 

rate for Cl atom removal via reaction 45 and 22 is 0.02 for NO 2 = 
60 mTorr; thus reaction 45 is unimportant compared to reaction 22. 
Computation using the known value of the emission efficiency for 
the NO-O^ reaction (93) and the relative emission efficiency for 
N20^C1 and NO obtained in the present work shows that the emission 
for reaction 43 would have to be second' order in KO 2 at all 
temperatures to account for the observed emission. Thus the 
mechanism involving N 20 ^ must be rejected. 
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C.2. The Mechanism of the Chemiluminescent Reaction 


The observed chemiluminescence is probably due to the direct 
production of electronically excited nitrogen dioxide, NO2*, or 
to the production of NO in the reaction of N^O^Cl with 0^ (reaction 
43) which then reacts with 0^ via the well-known NO-O^ chemilum- 
inescent reactions (93) . 


N20^C1 + 0^ NO2* + Other Products 43a 

->■ NO + Other Products 43b 

NO + 0^ -»■ NO2* + O2 5a 

-> NO2 (electronically ground state) + 0 ^ 5b 

NO2* NO2 + hv 5 c 


The NO-producing mechanism and the direct production of electronically 
excited NO2 in reaction 43a are kinetically indistinguishable. There 
are many possible chaimels based upon stoichiometry for reaction 43 
such as: 


N„0,C1 + 0« 
2 4 3 


NO + CINO2 + 2O2 
NO + CIO2 + NO2 + O2 
^ 2NO2 + CIO + O2 
-4- NO + NO^ + CIO + O2 


AH = -7.4 Kcal/mole 

43c 

AH = 18.7 Kcal/mole 

43d 

AH = 4.2 Kcal/mole 

43e 

AH = 26.9 Kcal/mole 

43f 


Only channel 43c appears likely to be exothermic. The heat of 
formation for N20^C1 is estimated to be ^2 Kcal/mole by analogy with 
the heat of formation for similar compounds ^20^ and ^20^. The values 
for the heat of formation for CIONO and CINO2 were calculated from 
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the overall heat of formation for reactions 22 a and 22 b as reported 
by Hiki et al. (65). For other species, the values used for the 
heat of formation were the values reported by Calvert and Pitts (96) . 

It is worth noting that if reaction 22a, 40 and 43 are combined 
together in the following manner 

Cl + NO^ + M CIONO + M 22a 

CiONO + + M -S' N^O^Cl + M 40 

N„0, Cl + 0„ ^ Products 43 

2 4 3 

Cl + 2 NO 2 + 0^ Products net reaction 

The heat of formation for the net reaction is exothermic for all of 
the possible channels for reaction 43. The values are -50.25, 

-24.20, -38.70, and -16.51 Kcal/mole for the products by reactions 
43c, 43d, 43e, and 43f respectively. 

Other species present in the system cannot be responsible for 
the emission because 1 ) there would be a conflict with the kinetic 
observations, 2) there would be an energy deficiency, or 3) the 
species are known not to chemiluminesce with 0 ^. 

The reactants Cl^ and NO 2 do not chemiluminesce with 0^ either 
with or without illumination at 366 nm. However NO 2 gives a weak 
signal due to NO formation from NO 2 photolysis. O.ther species such 
as CINO 2 were considered. 

CINO 2 + 03 -^ CIO 2 + NO + O 2 AH = 5.6 Kcal/mole 46a 

NO 2 + CIO' + O 2 


AH = - 8.8 Kcal/mole 


46b 
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Even though some channels may be exothermic, the reactions are 
inconsistent with the observed kinetics. The observed results require 
that the emission be [NO2] dependent at 273 °K. 

The possibility that ClONO might be responsible for' the 
chemiluminescent reaction with ozone was also considered. ClONO was 
prepared directly in the reaction cell by mixing CI2O and ClNO at 
226 °K. N2 was added to the mixture after the reaction was carried 
out. The pressurized mixture was leaked out of the reaction cell to 
the chemiluminescence chamber and mixed with ozonized oxygen. The 
emission was completely suppressed. Two possible conclusions can 
be drawn from this experimental result. Either ClONO did not undergo 
a chemiluminescent reaction with ozone, or the surface of the 
reaction cell and the capillary were contaminated by CI2O or ClNO 
thus inhibiting the chemiliiminescent reaction. The evidence that 
the surface can influence the chemiluminescent intensity became 
obvious later when there was no emission observed from the photolysis 
mixture of CI2-NO2-M and ozonized oxygen. This experiment was 
performed immediately after the CIONO-O^ experiment and under 
conditions in which a strong chemiluminescent emission had previously 
been observed. After the reaction cell was cleaned with a solution 
of K2Cr20^ and H2S0^ and reconditioned with several Cl2-N02'-H 
mixtures, the emission intensity recovered to its original value 
and became reproducible. 

If the chemiluminescent reaction is due to the ClONO- 0 ^ 
reaction, the kinetics requires that the emission intensity is 
independent of [NO2] at any temperature. This prediction is contrary 
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to the observations, even though the reaction between CIONO and 0^ 
as in reaction 47 is exothermic. 

CIONO + O 3 NO + CIO 2 + O 2 ah = :-4.45 Kcal/mole 47 

D. Atmospheric Implications 

In the stratosphere, N^O^Cl may be formed by the following 
reactions : 

CIO + NO + M -J- CIONO + M 19 

CIONO + NO^ + M ^ ^20^01 + M 40 

Reaction 19 was suggested by Molina and Molina (49). However, 

“16 3 “1 

is not likely to be larger than 1 x 10 cm'^sec according to 
our estimation. Therefore, reaction 40 could not compete with the 
photodissociation of CIONO in the upper atmosphere. 
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Chapter 5 
SUMMARY 


The reactions of ozone with chlorine, oxides of chorine and 
oxides of nitrogen are important in the chemistry of the stratosphere. 
A general review of these reactions is given in- Chapter 1 of this 
thesis. Of all the interesting reactions in the stratosphere, the 
research reported in this thesis dealt only with the following three 
systems . 

1. The system in which the reaction of CIO with 0^ and 

the reaction of OCIO with 0^ were studied. 

2. The Cl2~02-N0 system in which the reaction between ClOO 
and NO was investigated. 

3. The Cl 2 ~N 02 -M system in which the mechanism of the Cl-NO^ 

reaction was studied as well as the kinetics of the chemiluminescence 

of the Cl-N0„-0- reaction. 

2 3 

The experimental procedures, results' and discussions for each 

system are given in Chapters 2, 3, and 4 respectively. 

The major conclusions drawn from the study of the CI 2 -O 2 system 

are the following. The photolysis of 012—0^ mixtures at 366 nm 

and in the temperature range 254-297 led to the removal of 0^ and 

CI 2 . The final products of the photolysis are O 2 and with 

OClO being an intermediate (76). The upper limit for the rate 

“18 3 “1 

coefficient of the reaction between CIO and 0^ is 1 x 10 cm sec 
The recommended Arrhenius expression for the rate coefficient of the 
reaction between OCIO with 0^ is 
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K. = 2.3 X exp ["(4730 + 630) /T] cm^sec ^ 

26 ~ 

The low values of the rate coefficients for both reactions, CIO 
with 0^ and OCIO with 0^, indicate that they are not important in 
atmospheric chemistry. 

The conclusions drawn from the study of the Cl 2 " 02 -N 0 system 
are the following. The photolysis of CI 2 -O 2 -NO mixtures at 366 nm ■ 
and at 298°K led to the formation of ClOO radicals which in turn 
reacted with NO via two channels. 


ClOO + NO NO 2 + CIO 


CINO + 0. 


20 a 

20 b 


The ratio of ^20b^^20a found to be 11.0 + 2.2. From the rate 
coefficients obtained in this study, it can be ‘'concluded that 
reactions 20 a and 20 b are probably not important in the stratosphere. 

From the study of the CI 2 -NO 2 -M system,, the following conclusions 
can be drawn. An observed red emission when the photolysis mixtures 
of CI 2 -NO 2 -M were mixed with a stream of ozonized oxygen, was caused 
by the reaction between an unstable intermediate N 20 ^C 1 and O^. One of 


^2^4^^ + 03 ^ Products + h'VJ (red) 


43 


the products in reaction 43 was either electronically excited nitrogen 
dioxide (NO 2 *) or NO, which in turn could react further with 0^ to 
yield NO 2 *. The formation of N 20 ^C 1 required that the major product 
of the CI-NO 2 -M reaction was CIONO rather than CINO 2 . 
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Cl + NO 2 + M ^ CIONO + M 22a 

CINO^ + M 22b 

In the presence of NO^,, CIONO reacted further with NO 2 as in reaction 
40 to form N 20 ^C 1 

CIONO + NO 2 + M ^2^4^^ ^ 

The upper limit for the second order rate coefficient of reaction 40 
“16 3 *"1 

is 1 X 10 cm sec . Therefore, reaction 40. is too slow to 
compete with the atmospheric photolysis of CIONO. Thus, reaction 40 
is not important in atmospheric chemistry. 
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Appendix I 

PHASE/ AMPLITUDE ADJUSTOR 

The schematic circuit of the phase/amplitude adjustor is shown 
in Figure 36. The phase adjustor consisted of two capacitors and 
a variable resistor, Rj^, connected in series. The phase of the 
signal from the two phototubes could be adjusted between 0° to 90° 
by the variable resistor R^. The amplitude adjustor consisted of 

f 

two fixed resistors and a variable resistor R^, as shown in Figure 36. 
The. amplitude of the signal from the two phototubes could, be 
adjusted by this variable resistor. 




Figure 36. Circuit of the Phase/Amplitude Adjustor 
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Appendix II 

METHOD OF SIMULATION OF THE ABSORPTION PROFILE OF OCIO AND 
THE EVALUATION OF THE RATE COEFFICIENTS FOR THE 
EQUILIBRIUM REACTION 29 


The three rate equations used to simulate the absorption of 
OCIO are the following: 


dlClO] 

dt 


2.0 I^ + k_25[M][Cl20^] - k2g[M][C10H0Cl0] - 
[0C10]2(k23^ + 2.0 


d[Cl20 ] 

dt“" k2g[M] [CIO] [OCIO] - k_2g[M] [01203] 


XXXIX 

xxxx 


AtQClO] . J, rcio]2 + k 

dt ^ -29 


k29t^HC10] [OCIO] 


[M][Cl203] - 

- k2g[0C10][03] 


XXXXI 


To derive these three equations. Cl atoms were assumed to reach the 
steady state value. The steady state value of Cl is given in 
equation I, Chapter 2. The integrated forms for equations XXXIX - 
XXXXI are the following: 


[CIO]^ = [2.0 I^ + k_29M[Cl203]Q - k2g[M] [C10 ]q[0C1O]^ - 

■ [0C10]Q^(k23^ [C10 ]q XXXXII 

^‘^^2®3^t = 1:^29 [M] [CIO] p [OCIO] Q - ^29^ [C1203 ]q] At + 


XXXXIII 
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[OCIO]^ = [k23^[C10]Q^ + k_2g[M][Gl203]Q - k2g[M] [C10]q[0C10]q - 
k2g[0C10]Q[03]] At + [OCIOIq ■ XXXXIV 

where [x]q = concentration of x at the time t-At, and 
[x]^ = concentration of x at any time t. 


The above integrated equations are applicable when the time interval. 
At, is sufficiently small. Using equations XXXXII - XXXXIV, the 
concentrations of OCIO, CI 2 O 3 and OCIO at any time could be calculated. 

The rate coefficients for reaction 29 and -29 were calculated 
using an adaptive pattern search routine (91) . The routine varied 
the values of , k_ 2 g[M], ^230 ^26 ^ specified range. 

For each set of rate coefficients, the error was calculated by 
comparing the simulated OCIO profile with the experimental profile. 

The error at any particular time interval is defined by equation 
XXXXV. 


- . calculated experimental 

[005] ^ — 77 

experimental 


XXXXV 


To calculate the total square error and the average error for the 
whole simulated OCIO profile, the following equations were used: 

^ 2 

Total square error = t (Error) . XXXXVI 

i=l ^ 

,, Total square error 

Mean square error = — XXXXVII 

1/2 


Average error = (Mean square error) 


XXXXVIII 
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where n = the number o£ intervals. The" set of rate coefficients 
which gave the minimum average error was selected. 
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• The follovins three eystcu wore invoetlgeted. cho syetcs> Che ‘ i e e 

eyacea end Che Clz*^t(02*H syeccn. In Cho ficsc syecco, the reecdon between 
CIO end O3, Che ceeeClen between OCIO end O^t end the eechanisoi of the CI2-O3 
systea wore atudied. In the second sysccn, Che roeccion becvcen ClOO and hO was 
investigated, la the last oyecca» the reaeclon between Ci and was investigated 
os well os the Unecies of the chenlluttlnescenee of the Cl>H02~03 reaction 

In the flrsc system, CL2 was photolysed at 066 no In the pcoaonco of O3 
within Che ccmperacure xange 254«297^K. O3 was relieved with quantum yields of 
S.d t O.S, &.0 ±0 3, 2.9 ± 0.3 and 1.9 ± 0.2 at 297, 2$3, 273. and ZiZOK roapoC'* 
tlvsly, Invarloec to changes la the inlcial O3 or CI2 cencentratloa, the extent 
of conversion or the absorbed Intcnslcy, I«* Tho addition of nitrogon had no efface 
on •0(03). The CI2 reoaval quantum yields veto 0.11 t 0.02 at 297^ for Cls 
conversions of about 30X, much higher than oxpoctod from mass balanco consiocraeions 
bsaad oa tha InlClol quantum yield e£ 0.089 ± 0.013 for QCIO fonaation at 297°K. 

Tho final chlorlne-^oataialng product was CI2O7. It was produced ec leaoc in part 
through the foraacion of OciO as an intcmediate which was also observed with an 
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t03l or I|. The nddicion of oicrogen and oxygeo hod no effect on Che values of 
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Tho results showed that OCIO was formed by CIO radical combination as in 
tcaceion 23c. 

2C10 ClOO -f Ci 23a 

CI2 * O2 23b 

♦ OCIO + Cl 23c 

The relative ixiporcaaca of the channels for reaction 23 at 296*^K are the following* 

° ‘'23c/’‘J3 ' ’‘23c/>‘23b - 2 5 X 103 

The rote coefflclont for tho reaction of OClO with O3 was studied by a 
direct mixing motbod and by tho photolysis method. 

OCIO 4* O3 *** Products 26 

The teap&rocurc dependence of was studied in tho ceapeiature range 26tt-^297^yi, 

However, at temperaeuxes below 297^Ki tha equilibrium roaetlon 29 complicated tho 
Icinetlci 
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CIO and O3, the reaction between OCIO and O3, and the mechanlsn of the Cl2‘03 
eystem vein mtudied. tn the eacond system, tha reaction between ClOO and KO was 
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as well as tha kinetics of tha chcDllumlneieenee of the Cl‘K02~O3 reaction. 
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of eoovexsion or tha absorbed intensity, 1^. The addition of nitrogen had no effect 
on -9(03). Tho Clz removal quantum yialds were 0.11 ± 0.02 at 297^K for CI2 
conversions of about 302, much higher than expaeted from mass balance conslaeiationa 
based on the initial quantum yield of 0.089 ± 0.013 for OClO fomneion at 297^K. 

Tha final chloxina-containtng product was CI2O7. It was produced at least in part 
through tha formation of OCIO as on intexmedlace which was also obsoeved with an 
Initial quantum yield of ~ Z.5 x 103 exp(-(3025 i 625}/T) Indapondont of 

(03t or Ig. Tha addition of nitrogen end oi^gen hod no effect on the values of 
bt^fOClO) and •9(CL2>. 

THs results showed that OCIO was formed by CIO radical eomblnatlen aa in 
reaction 23c. 

ZCIO ClOO 4- Ci 23a 

* Clz + O2 23b 

OCIO 4- cl 23e 

Tht relative Impoxcance of the channels for reaction 23 at 296^K era tha following* 

'<23«/’‘23 - ®-«3! l45h/'‘23 - <>•»! Mjc/tas - O-OM >'23cft23b ■ 2-5 « 1®^ 

czp(-(3025 t 625)/T|. 

The rate coafflctanc for the reaction of OCIO with O3 was studied by a 
direct mixing method and by the photolysis mathod. 

OCIO 4* O3 -*■ Products 26 

The temperature dependanco of kjx was studied in tha temperature range 264-29 7®K, 

However, at temperatures below tha equilibrium rcactloa 29 complicated the 

kinetics. 
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based on the initial quantum yield of 0.089 t 0.013 foe OCIO formation at 297^K. 

The ilnol ehlorlQe*eant&i.tilog product tas CIzO). It vas produced at least In part 
through the formation of OCIO os an Intormediate which was also observed with an 
initial quoncua yield of 9^{OC10) ■ 2.5 x 10^ exp(-(3025 * 62S)/T) independent of 
LO3I or la> The addition of nitrogen and oxygon hod no effect on the values of 
OllOClO) sod -»(Cl2)> 

The rcsulCo shoved that OCIO was formed by CIO radical combination os in 
reaction 23e. 

2C10 ClOO 4 Cl 23a 

«2 4- O 2 i3b 

OCIO 4 CL 23e 

The relative Importanco of tha channels foe reaction 23 at 296^K aro tho following. 
!<J3./'>23 - O'SJ. I‘231,/k23 " °-«i <'23c'''‘23b - 2-5 * 

expI-(3025 t 625)/Tl. 

Tho rata coeffioient fox tho roaction of OCIO with O3 was studied by a 
dlteoc mixing method and by tho photolysis method. 

OCIO 4 O3 *► Products 26 

The temperaturo dependence of was studied in tho ccuperaturo range 264-297^K. 
However, at tomparaturca below Z97^K, the equilibrium reaction 29 complicated tha 
kinetics. 
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Stupor, Uanae ilongdoncrl, Tho FhotoXysla of Chlorlna in the Presence of Oxone, FSl7*lA!L*SCI*4A2 

Nitric Oxide and Kitrogen Dioxide, Electrlral Englneoring. University 

Park, Pennsylvania, 16802, 1979. Classification Nnmbors 


The following throe syscess were investigated* the 013*03 syotco, the 
Cl2-03*M0 syscea ond tlie Cl2*N0z*K systco. In Che flrsc ayseem, die reaction between 
CLO and Q3, Chc reaction between OCLO and O3, and the mccliantmm of the Cl2*03 
sytccti were studied. In the second systen, cho reaction between CLOO and KO was 
investigated. In the last system, tho reaction between CL and KD2 vns invoBtigated 
as veLl as cho kinetics of the choniLuntncsccnco of tho CI-NO2-O3 reaction. 

In the first system, CL2 was phocolysed at 366 nn In the presence of O3 
within the CcnporaCurc range 2S4*297^K O3 was removed with quantum ylalda of 
S.8 i O.S. 4 0 t 0.3. 2.9 ± 0.3 and 1.9 t 0.2 at 297. 283. 275. and 2S2<>K respec- 
tively, invariant to changes in the IniClAl O3 or CLj conrcntcotion. Clia extant 
of convorsion or tho absorbed intensity, ig. Tho addition of nitrogon hod no effect 
on -6(83}, Tho CI2 robounl quantum ylolds wore 0.11 ± 0.02 st 297<>K for CI2 
conversions of about 302, much higher than expected from mass balsnco consldarotlons 
based on the initial quantum yield of 0.089 i 0.0i3 for OClO formation at 297^K. 

The final chlorlno-containing product was CI2O7. It was produced ac least In port 
throv^^ tho formation of OCIO os on intermcdloto which was also observed with an 
initial quantin ylold of S^(OCIO) • 2.5 x 10^ cxp{*(3025 t 623)/T) independent of 
IO5I or Ig. Tho addicten of nitrogon and oxygen bod no effect on the values of 
Pi(0U0] and -OfCUl 

The results showed that OCIO was formed by CIO radical combination ns in 
reaction 23c. 

2C10 CLOO 4 Cl 23a 

012 ♦ 23b 

OCIO 4 Cl 23c 

The rolotlvc importance of the channels for reaction 23 at 296^K are the following 

^ '^23r^’‘23b ■ 2 5 x 10^ 

Tho rate cocffleient for the reaeelen of OCIO with O3 was arudlcd by a 
direct mixing method and by chc photolysis method 

OCIO 4 O3 *^ Products 26 . 

The tesperature dependence of ko£ was studied in the teeperntwre range 264*297°K 
However, at tenpacoturei bolou 297^K. the equilibrium reaction 29 complicated the 
kinetics 


Cliemlenl Acronomy 


-I 



ScupcKf Vaneo Voogdoatil* Tho Photolyala ot Chlorine In the Preaonce of Otone, P8U>X1tL*‘SCI~462 

Nitric Oxide end Nitrogen Dioxide, Bleecritdl Engi&Qcrliigi Uttlveralty 

Fail;) Penneylvenle, 16802, 1979. CleBslElcatlon Kunberst 

• The following three eyatemo wore lovoetlgotod. the Cle-Os «y*tca, the i o 9 Ae,r^nr,n.v 

Cl2~03'-N0 ayttcn end the Cl2*h02'H ayecea. In the flrat ayaten, the roaetlon between ^ 7 

CIO and O3, the reaction between OCIO end O^, and the oothanian of the Cl2*'03 
•yatea were aeudled. In the aecend ayaten, the reaetlon betwoon ClOO and NO waa 
Inveatlgatcd In the laat ayaten, the reeccioo betwoon Cl and NO2 waa Invcatlgatcd 
aa well aa the klnoCtca of the cheptllualneacenco of the Cl>H02~0n reaction. 

In the flrat ayaten, Cl^ was pbotolysod at 366 nia In tne prcienco of O 3 
within tho taxperature range 254'297<>K. O 3 waa roaeved with <{uantua ylolda of 
5.8 i 0.5, 4.0 t 0.3, 2.9 i 0.3 and 1.9 t 0.2 at 297, 283, 273. and 2S2<>K reapec* 
tlvely. Invariant to changea in the Initial O 3 or Clo coneontratlen, the extent 
of convoralon or the ebaorbed latcnaity, The addition of nitrogen had no effect 
on • 9 ( 03 ). Iho Clg reaoval quantun yielda wore 0.11 t 0.02 at for CI 2 

converaloao of about 302, nuch higher Chan cxpactod froa aaaa balance coaalderetlona 
baaed on the Initial <iuancun yield of 0.089 i 0.013 for OCIO ferciatlon at 297'^K. 

The final chlorlne-coQtaialng product waa CI 2 O 7 . It vaa produced at Uaat in part 
through the foraatlon of OCIO aa an Intoraedlaco which waa aleo ebaerved with an 
Initial quontun yield of 9^^(0010} 2,3 X 10^ oxpl*-(3023 t 625)/T] independent of 

(O 3 ] or Iq. The addition of nitrogen and oj^gen had no effect on the voluca of 
♦liOClO} and -«(Cl 2 >. 

The reaulcs ahowed that OCIO waa fomed by CIO radlcol cootblnatlon aa in 
reaction 23c. 

2C10 ClOO * Cl 23a 

Cl2 + O2 23b 

OCIO + CL 23c 

Ihc Calotlvo lapaxCanco of tho chonnela tor reaction 23 at 296^H ore the following' 
k23,/k2j - 0.63i k 23 h/k 2 j - 0.34; k23j/k2j - 0.032. Al... k23j/k23t - 2.5 x 102 
C^(~(3025 1 625)/Tj. 

The rate coefficient for tho reaction of OCIO with O 3 vaa atudied by a 
direct blxlng Mthod and by the photolyals loothod. 

OCIO '9 O3 Froducta 26 

The ccapctacuee dopendenct of waa acudlcd la the tcapetacuce range 264-297°K. 

However, at CcTBperaturca below 297^1C, the equlllbrlua reaction 29 coapllcaCed the 


Stupor, Nanee Ncngdontrl, The Photolyals of Chlorine In the Prcaenco of Ozone, 
Nitric Oxide and Nitrogen Dioxide, Electrical Engineering, Unlverelty 
Park, Pcnnaylvonle, 16802, 1979. 


Closalflcatlon Nuoborai 


The following three ayatesi were InvcaelgaCad’ the Cl2~83 ayatca, the « a ^ _ 

CI2-O3-NO ayatca and the Clg-NOg-M ayacea In the firat ayaten, the teaction between Cheolcal Aaronoty 

CIO and O3, the reaction between OCIO and 0^, and tho nochinlan of the C12-03 
ayaten were atudiad. In the accond ayaten, the reaction between ClOO aod NO waa > 

Investigated. In the last syacea, the reaction betvacn Cl and HO2 was investigated 
as veil aa the klnetica of the chettlLu&lnfiBccnca of the Cl-NOg-O^ reaction 

In the flrat ayatca, CI2 waa photolyzed at 366 res In the presence of O3 
within the tenperature range 2S4'-Z97^K. O3 waa renoved with quantuci yielda of 
5.8 t 0.5, 4.0 t 0.3, 2 9 X 0 3 end 1.9 2 0.2 at 297, 263. 273, and 2520K rospee- 
tlvely, invariant to changea in the initial O3 or CI2 concantraclon, the extent 
of convaralon or the abaotbed Incettolty, la* The addition of nitrogen had no affect 
on '■9(03^ The Clg tesDVel quantun yields ware 0.11 t 0.02 at 297*% for CI2 
coQveraicna of about 30X, ouch higher than expected froo loaia balance conaideratlona 
baaed on the Iniclol quantixa yield of 0 089 2 0.013 for OCIO foroetlon at 297<>K ^ 

The final chlorlne-contalnlng product was CI2O7 It vaa produced at Iceat In part 
through the fersMtion of OCIO os an Intomcdlatc which was also obaerved with an 
laltlal quaeciB yield of 9^(0C10) - 2 5 x 10^ exp(<'(3025 t 62S)/T) independent of 
(O3] or 14. The ftddicicn of nitrogen and oxygen had no effect on tho valuca of 
9i(DC10} and 

Tho raeuita ahowed that OClO vaa formed by CIO radical ceablnatfen aa in 
reaetlon 23c. 

2C10 ClOO -I- CL 23a 

CI2 + 02 23b 

OCIO + Cl 23c 

The relative leporunce of the chonnela for reaction 23 at 296*’K are tho following' 

*^23a/^2g^“ ** 61ao, k23^/k23i, - 2 5 x 1Q3 

The rate coefficient for the reaction of OCIO with O3 was atudied by 0 
direct nixing aathod and by the photolysis aechod. 

OCIO 903** Products 26 

The ccaporaturo dependence of k^g was studied in the ccnpcraturc range 264-297'^K. 

However, at tcaperetutcs bolow l97^K, the equillbriuQ reaction 29 conpllcated the 


Stupor, Varveo NooBdontii, The Photolysis of Chlorino In the Presence of Ozone, 

Kittle Oxide and Nitrogen Dioxide, Electrical Englnaorlng, CJniverelty 

Park, Pcnnaylvonla, 16802, 1979. 

The following three syotens veto Investigated* tho Cl2'03 ayaten, the 
Ci2-03>ff0 ayatca ond the Cl2~N02*H ayatca. In the firat ayatca, the roaetlon between 
CIO and O3, the reaetlon botvocn OCLO end 0^, and the aechanisn of tho Cl2*03 
ayatca wore studied. In the accond ayatca, tho rcscclon between CLOO and NO was 
Invasclgatad. In tho lost oysten. the reaction between Cl and MO^ was Invesclgsted 
as well as the kinetics of the chcaliuBlnescence of the Cl-NOg-Oi reaction. 

In tho flrse systea, CLj vaa photelysad at 366 nm in the proocncc of O3 
within the teaperatute range 2S44-297^K O3 was renovod with quantum yields of 
S.6 2 0.3, 4.0 2 0.3, 2.9 2 0.3 and 1.9 S 0.2 at 297, 283, 273, and 252^ rcapcc* 
tlvely, Invariant to changea in the Initial O3 or CI2 concentration, the extent 
of convaralon or tho absarbed Intcnalty, Iq the addition of nitrogen had no effect 
on '6(03). Tho cig removal quantua yields wore O.Il t 0.02 at 297^ for Clg 
conversions of about 30E, nuch higher than expected froa ossa balance conalacrationa 
baled on the Initial quantua yield of 0.089 t 0.013 for OCIO fonoation at 297^. 

The final chLorlno-contalnlng product waa ClgOy. It was produced at least in part 
through the foraatlon of OCIO os on intomedlace which wos also observed with an 
initial quintim yield Of 9^<QC10{ • 2*5 x 10^ cxp{"<3025 1 62S)/T} Independent of 
(O3I or X4, The addition of nitrogen and oxygon hod no effect on the vaiuea of 
♦iWClO) and -dWlg) 

The tesulea ahowed that OCIO waa foracd by CIO radical coeblnation aa In 
reaction 23c. 

2C10 •* ClOO -f Cl 23a 

•* CI2 + O2 23b 

CCIO -f Cl 23c 

The relative Importance of tha channols for reaction 23 at 296^K ere Che following 
k23a/b23 - 0.63, kjsv/kga - 0.34, k23c/k23 - 0.032. Also, k23c/h23b " 2.5 x lO^ 
cucpl-(3025 ± 625>/fJ 

The cate coefficlonC for the reaction of OClO with O3 was studied by a 
direct mixing method and by the photoLyaia method. 

OclO + 03 *^ Froducta 26 

The temperature dependence of k^x was etudlcd In the temperature range 264-297^11. 
However, at temperatures below Z97^K, tho equilibrium reaction 29 complicated Che 
kinetics. 


Stupex, Vance VongdoftCri, The Phocolysit of Chlorine in the Presence of Ozone. FSU-lRL-SCt-462 

Nitric Oxide ond KlCmgen Dioxide, Elcctriral Engineering, Unlvoralty 

Park, Pcnnsylvanio, 16802, 1979. ClaosLfication Numbers 

The following three systens were investigated* the CL2-O3 ayatem. tho 1 o 9 rs i 1 a 

C12-03-NO ayacco and the CIg-NOg-M sysceo. In the first ayatem, the reaction between cnomlcal Aeronony 

CIO and O3, (he reaction between OCIO and 0^, and the mcchonlsn of the CI2-O3 
ayscea were studied In the accond syscco, the reaction between ClOO and NO was 
Investigated. In the last ayatem, the reocClon between CL end NOg was investigated 
aa well os the kinetics of the chcollumlnctccncc of the Cl-NOg-O^ reaction. 

In the flrat system, CIg waa photolymed at 366 nm In tne prcaenco of O3 
within the temperature range 254-297^K. O3 was removed with quantum yields of 
5.6 t O.S. 4.0 t 0.3. 2.9 X 0.3 ond 1.9 2 0.2 at 297, 283, 273, and 252«K rcapcc- 
clvoly, invariant to changes In the IniclaL O3 or Clg conccncraclon. the extent 
of ceaversicn or the abaotbed intcnaicy, Iq. The addition of nitrogen hod no effect 
on -1(03), The Clg removal quantum yields were O.ll t 0,02 nc 297<’K for Clg 
coTiveTslons of about 302, much higher then exported from mass balsnre considerations 
based on the InltloL quantum yield of 0 069 2 0.013 for OClO focnatlon at 297^K, 

The final ehLorlne^concainlng product was ClgO? It was produced ec least in part 
through the formation of OCIO as an IntermcdiaCo which was also obsorved with an 
IniclaL quantw yield of P^fOClO) • 2.5 x 10^ «xp(-(3025 2 62S)/T) Indapendcnc of 
(O3I or I4. The addition of nUrogon and oxygen h.'id no effect on the voluee of 
SliOClO} and -tlClg) 

The rcauLta ahowed that OCIO was formed by CIO radical combination ns in 
reaction 23c. 

ZCIO CLOO 4> CL 33a 

CLg + O2 23b 

- OCIO + Cl 23e 

The relative importance of the chaRnels for reaction 23 at 296^K ore the following 
l«23a/*^23 - iS23b/**23 - 0*3^» J^23c/*l23 “ 0 032 Also. - 2 5 X lO^ 

expl-(3025 t 625) /rf. 

The rate coefficient for the reaction of OClO with O3 wos srudlcd by a 
direct mixing method and by the phorolysis meehed 

OCLO •§• O3 Produces 26 . 

Tho temperature dcpondonco of kgx waa studied In the tompcrncure range 264-2976K 
Hovevar, at tcnpecotures below 297°K. the cquiXlbrluo reaction 29 complicated the 
kinetics. 
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